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Abbreviations 
A.f Acidithiobacillus ferrooxidans 
AFM Atomic force microscopy 
Ag Silver 
AgCl Silver chloride 
ASV Anodic stripping voltammetry 
ATR-FTIR Attenuated total reflectance – Fourier transform infrared 
spectroscopy 
BDD Boron Doped Diamond 
BSE Back scattered electron 
CA Chronoamperometry 
CBD Chemical bath deposition 
CLSM Confocal laser scanning microscopy 
CV Cyclic Voltammetry 
EDS Energy dispersive x-ray spectroscopy 
ESEM Environmental scanning electrochemical microscopy 
EPS Extracellular polymeric substances 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
ISE Ion selective electrode 
KCl Potassium chloride 
NEXAFS Near edge x-ray absorption fine structure spectroscopy 
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NMR Nuclear magnetic resonance spectroscopy 
NPASV Normal pulse anodic stripping voltammetry 
PBS Phosphate buffered saline 
RDE Rotating disc electrode 
SE Secondary electron 
SECM Scanning electrochemical microscopy 
SEM  Scanning electron microscopy  
STXM Scanning transmission x-ray microscopy 
TEM Transmission electron microscopy 
TRITC-Con A Tetramethylrhodamine Canavalia ensiformis lectin 
WLIP White light interferometric profilometry 
XRD X-ray powder diffraction 
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Abstract 
 
The bioleaching of chalcopyrite is notoriously problematic and much is yet to be 
understood about the extracellular matrix at the microbe-mineral interface, 
where the chemical reactions liberating the copper occur. Understanding the 
composition of the extracellular polymeric substances (EPS) in the matrix and 
improving the microbial yield of copper from chalcopyrite is important to reduce 
environmental implications, processing energy and ore grade requirements, and 
the utilisation of the world’s richest copper resource, ahead of copper(I) 
sulphide.    
Chalcopyrite (CuFeS2) is a more complex copper sulphide than copper(I) sulphide 
(Cu2S), composed of iron in addition to copper and sulphur. The latter is an 
intermediate produced during chalcopyrite dissolution. This work utilises the 
simpler copper(I) sulphide substrate to simplify the study and investigation of 
the EPS and how it contributes to leaching, copper(I) sulphide. A direct 
comparison of copper leaching, and EPS structure and composition from the two 
sulphide minerals is presented utilising surface analysis techniques. White light 
interferometric profilometry (WLIP) and scanning electron microscopy energy 
dispersive x-ray spectroscopy (SEM-EDS) are assessed and verified as alternative 
characterisation methods in the quantitation of copper extraction via changes to 
the step height and valley depth of the mineral surface, and its chemical 
composition. This is complimented with the traditional technique of aqueous ion 
concentration measurement, where the simultaneous determination of copper 
and iron was developed and established utilising chronoamperometry. The 
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biofilm and EPS produced on the surface of chalcopyrite and copper(I) sulphide 
was compared by analysing its structure and composition through a variety of 
preparation methods and SEM modes, as well as confocal laser scanning 
microscopy (CLSM) combined with fluorescent staining.   
The results demonstrated that the mineral copper(I) sulphide is not a suitable 
model substrate for chalcopyrite to investigate the kinetics of bioleaching or the 
mechanisms of bioleaching occurring within the EPS, because of its higher 
reactivity and differing EPS composition. Surface evaluation using WLIP and SEM-
EDS of chemically leached copper(I) sulphide reflected copper extraction values 
reported in the literature measured by monitoring aqueous ion concentrations. 
Despite this, characterisation of the bioleached surfaces of the two sulphides 
revealed substantially more copper was liberated from copper(I) sulphide. 
However, these methods of quantitating copper leaching proved superior to 
traditional techniques, allowing the rate of copper extraction to be directly 
related to the surface species. The chronoamperometric method for 
simultaneous copper and iron determination supported the surface evaluation 
studies and allowed in-situ monitoring.  
Analysis of the EPS and biofilm requires examination in both hydrated and fixed 
forms and multiple microscopic techniques. Environmental SEM proved valuable 
in visualising the structure of the biofilm and EPS in its native state, but lacked 
compositional contrast to distinguish between biological and mineral materials. 
This is addressed with back scattering electron detection by relating 
topographical features with the superior compositional contrast it provides. The 
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higher reactivity of copper(I) sulphide was also observed during preparation of 
the biofilm for analysis, where all but one buffer (HEPES) produced copper 
precipitation. This preparation method was superior to all others and 
environmental SEM analysis. 
Examination of the biofilm and EPS components formed on chalcopyrite and 
copper(I) sulphide surfaces demonstrated differences in internal biofilm 
morphology with culture age. Fluorescent stains targeting polysaccharide, RNA 
etc., and lipids and hydrophobic domains demonstrated the coverage, 
concentration and thickness of these components were evenly distributed for 
copper(I) sulphide, but that these were different on chalcopyrite. Despite this, 
much knowledge has been gained to direct the avenue of further investigations 
into the EPS involved in copper extraction from copper sulphide minerals.    
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Chapter One 
Introduction and Literature Review 
1.0 Introduction 
Copper dissolution from copper sulphides is widely studied due to the increasing 
demand for copper, owing to its many and varied applications in multiple fields, 
and the effect its mining has on the environment. Copper exists within the 
earth’s crust in a variety of sulphidic forms; chalcopyrite, bornite, chalcocite and 
covellite being examples of these. These minerals are primary “raw” material 
sources of copper from which their copper content is extracted and recovered 
by solvent extraction and electro winning, or metallurgical treatments, such as 
pyro metallurgy, hydrometallurgy and smelting. The copper produced from 
mining and refining is used in electrical applications, electronics and 
communication, construction, transportation, industrial machinery and 
equipment, and consumer and general products1. Development and 
improvement of hydrometallurgical methods of copper extraction have become 
increasingly important both economically and environmentally in terms of waste 
production and disposal, and copper recovery, as the grade of copper ores 
decreases2. 
Copper processing of chalcopyrite and other sulphide minerals using 
hydrometallurgy offers significant advantages. Other forms of metallurgical 
treatment are disadvantageous due to the energy requirements for grinding, 
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agitation and heating, the production of noxious air emissions, their complex 
operation, and their inability to process certain grade ores2, 3. The latter is a 
critical issue with chalcopyrite, as millions of tonnes of low-grade ore and 
copper-rich tailings of chalcopyrite exist that require processing3. The crystal 
structure of chalcopyrite is a tetragonal four atom unit system containing one 
copper atom, one iron atom and two sulphur atoms (Figure 1a)4-6. Chalcopyrite is 
the world’s richest copper resource, ahead of chalcocite, accounting for 
approximately 70% of the earth’s copper 7-9. Chalcocite has a monoclinic or 
orthorhombic crystal structure that consists of two copper atoms bonded to a 
single sulphur atom (figure 1b)4, 6, 8. It has been estimated that at least 20% of the 
world’s copper production is acquired through leach operations2, 3, 10. 
Approximately 10% of this has been achieved by incorporating microbes with 
enzymatic and catalytic capabilities with hydrometallurgical processing, a 
technique termed “bioleaching”, which allows extraction of copper from ores 
that are typically refractory due their low grade or complicated mineral 
compositions10, 11. The nature of chalcopyrite and chalcocite has presented 
problems for copper processing. Although bioleaching has improved the copper 
yield above that of other metallurgical processing methods, the recalcitrant 
character of chalcopyrite to dissolution and extraction processes makes it a less 
attractive source than chalcocite. However, copper extraction from chalcocite is 
also problematic, as it tends to cease once covellite is produced8. A 40-75% 
increased copper recovery from such ores utilizing bioleaching technology has  
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a)                b)  
Figure 1.0: Crystal structures of 1a) copper(I) sulphide, and 2b) chalcopyrite5, 8. 
been achieved as a result of efficiencies that far surpass chemical leaching in 
terms of copper yield, environmental consequences, operation cost, and energy 
expenditures3, 10, 12.  Overcoming these issues remains one of the biggest 
challenges in bio hydrometallurgy. Due to this, much research has been focused 
on trying to improve the bioleaching efficiency of copper from chalcopyrite and 
chalcocite. 
Bioleaching is an intricate process involving several coordinate, biological, 
chemical, and electrochemical reactions at different interfaces, some of which 
are not completely understood. Chalcopyrite and chalcocite are leached with 
iron and/or sulphur oxidizing microbes. Acidithiobacillus ferrooxidans (A.f) is 
commonly utilized because of its ferrous and sulphur oxidizing ability13-15.  The 
                                                     
1 Reprinted from The University of British Columbia dissertation, Bolorunduro, S.A, Kinetics of 
leaching of chalcocite in acid ferric sulphate media : chemical and bacterial leaching, Page No. 6, 
Copyright 1999 with permission from the author’s supervisor, Dr David Dixon. 
 
2 Reprinted from Hydrometallurgy, Vol 93 Issue 3, Córdoba, E. M., et al., Leaching of chalcopyrite 
with ferric ion. Part I: General aspects, Pages No. 81-87, Copyright 2008 with permission from 
Elsevier. 
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dissolution processes occurring within the microbe-mineral interface inside the 
extracellular polymeric substances (EPS) is of particular importance in 
bioleaching. This is acknowledged by the scientific community as the cause of 
enhanced copper dissolution kinetics and copper yields when bioleaching3, 12, 16-
18. Current understanding of this process involves an indirect mechanism, where 
there is no direct interaction between the bacteria and mineral surface, and 
dissolution of the mineral occurs via a redox active species present within the 
EPS17, 19-23. Knowledge to date is based on what is known about the bacterial cell 
surface, composition of the EPS, changes to the mineral surface during leaching, 
and changes in pH, redox potential, copper concentration, and ferrous and ferric 
ion concentrations. However, there is no direct evidence demonstrating this is 
how the bacteria interact with the mineral surface inside the EPS.  
Despite the recognition of the importance of the EPS playing a major role in 
biological oxidation of sulphide minerals, there is minimal knowledge available 
about the EPS formed by bioleaching microbes. Most concepts about the 
composition and function of EPS are largely based on broad definitions for the 
wider microbial community24-29. Analysis of the EPS produced by A.f has 
examined three different aspects; its composition, and function in bacterial 
adhesion and mineral dissolution12, 16, 18, 22, 23, 27, 30-38. These superficial studies do 
not address the real issue of characterizing the EPS and identifying the species 
involved in oxidation pathways, and are the result of insufficient technologies 
and the complexity involved in EPS analysis. Other studies directly examining the 
biofilms of bioleaching bacteria focus on species other than A.f, or on sulphide 
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minerals other than chalcopyrite and chalcocite39-43. However, they have 
estimated the relative contribution of different macromolecule classes within 
the EPS to allow correlation with copper release. Application of these techniques 
to chalcopyrite and chalcocite leaching with A.f can provide new knowledge and 
insight into factors affecting its biological oxidation. 
The studies conducted in this thesis address key issues in the bioleaching of 
copper sulphide minerals with A.f. As mentioned previously, the bioleaching of 
chalcopyrite is complex, and a number of different stoichiometric copper 
sulphides are yielded throughout copper extraction4, 8, 44-46. To simplify the 
investigation and understanding of significant leaching processes, the strategy 
necessitated a simpler mineral substrate, where its dissolution could be 
quantitated. This prompted the question; could copper sulphide be used as 
replacement for chalcopyrite to study leaching? Does the leaching of copper 
sulphide model that of chalcopyrite? How can the leaching of copper be 
measured and understood, if not from aqueous copper levels? Is the EPS 
composition and biofilm development on these sulphides similar, or different?  
An ideal model system must emulate the ‘real’ system it is representing. 
Patterned copper sulphide thin films were chosen as an alternative substrate 
due to the ability to control their functionality. The chapters in this thesis deal 
with matters that investigate the applicability and compare the leaching of 
copper sulphide and chalcopyrite. The quantification of copper dissolution has 
not been performed utilizing surface based techniques before. For the first time, 
white light interferometric profilometry (WLIP) and scanning electron 
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microscopy coupled with energy dispersive x-ray spectroscopy (SEM-EDS) were 
evaluated as analytical methods to quantify the extent of copper extraction 
throughout leaching, and an in-situ technique for determining aqueous copper 
and iron concentrations is developed. These were used to measure copper 
dissolution and compare the chemical leaching processes of the thin films and 
chalcopyrite. Copper extraction is also examined utilizing these methods to study 
the bioleaching of these two sulphides, in addition to biofilm development and 
EPS composition by A.f. As no method exists for the examination of colonized A.f 
on copper sulphide minerals by SEM, different fixatives and SEM modes were 
investigated to examine the biofilm in different states. Furthermore, the EPS was 
compared utilizing confocal laser scanning microscopy (CLSM), with the 
distribution and concentration of different components studied with prior 
substantiated stains. However, a triplicate stain approach is presented for the 
first time, which allows three different classes of molecules to be studied and 
visualization of their spatial arrangement with one another.  After analysing the 
chemical leaching, bioleaching, and EPS appearance, distribution and 
composition of A.f on copper sulphide and chalcopyrite, the suitability of the 
prior as a model substrate for the latter was determined.  
1.1 Literature Review 
1.1.1 Mineralogy of Copper(I) Sulphide and Chalcopyrite Dissolution 
The molecular mechanics of dissolution can be understood from the mineralogy 
of minerals. The varied mechanisms and rates of oxidative dissolution of 
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different metal sulphides can be attributed to their different solid state 
properties, which influence electrochemical and chemical surface reactions4, 47. 
Early research focused on the mineralogy of sulphide containing minerals, and 
the corresponding leaching chemistry to elucidate the mechanistic pathway of 
copper dissolution, particularly in acidic conditions, and/or the presence of ferric 
iron, and in the presence of bacteria48-51. Research presented by Tributsch, 
Crundwell, and by Sand and co-workers has been pioneering in regards to these 
topics, respectively4, 6, 12, 21, 47, 51-54. The electronic structure is a pertinent factor 
in determining the processes of bond breaking, thus influencing the kinetics of 
dissolution, whereas the molecular band theory describes how decomposition of 
the mineral takes place.  
1.1.1.a Mineral Properties 
The properties of copper(I) sulphide (Cu2S, more commonly known as chalcocite) 
and chalcopyrite (CuFeS2) are different. This can be attributed to their chemical 
composition, which determines their mineralogy; Cu2S, is composed of two 
copper atoms per sulphur atom, whereas, CuFeS2 contains a single copper atom, 
iron atom bonded to two sulphur atoms4, 5, 8. The difference in composition 
means these two minerals have distinct crystal structures with differing solid 
state properties (Table 1.0). They differ in crystal structure, energy gap, 
conduction type and conduction band, but share commonality in their valence 
band. The three atoms of copper(I) sulphide are reported to be arranged in a 
monoclinic or orthorhombic crystal structure depending on the resource, 
whereas the configuration of the four atom unit in chalcopyrite is tetragonal in 
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structure5, 6, 55(Figure 1.0).  The electronic diagram of chalcocite largely consists 
of Cu 3d orbitals in the upper valence band as well as S 3p orbitals, and Cu 4s 
orbitals in the conduction band, with a forbidden energy gap ~1.1-1.8eV (Figure 
1.1a)6, 8. The electronic diagram of chalcopyrite, like chalcocite, consists of 
mainly Cu 3d and some S 3p orbitals in the upper valence band. However, the 
conduction band is mainly Fe 3d orbitals and the forbidden energy gap is 
smaller, ~0.53-0.6eV (Figure 1.1b)4, 6, 7, 56. The presence of a forbidden energy 
gap classifies these minerals as semi-conductors and the metallic nature of the 
valence bands in these minerals makes them acid soluble52, 56, 57. These 
characteristics of mineralogy affect the molecular mechanics of dissolution.  
Table 1.0: Solid state properties of chalcocite and chalcopyrite4, 6, 8, 55. 
 Chalcocite Chalcopyrite 
Crystal Structure 
Orthorhombic, 
monoclinic Tetragonal 
Valency (Cu+)2S2- Cu+Fe3+(S2-)2 
Energy Gap 1.1 – 1.8 eV 0.53 – 0.60eV 
Conduction Type Semiconductor p-type Semiconductor n-type 
Conduction Band Cu 4s orbital Fe 3d orbital 
Valance Band Cu 3d, S 3p orbitals Cu 3d, S 3p orbitals 
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 a)  b)  
Figure 1.1: Electronic structure of 3a) chalcocite and 4b) chalcopyrite showing where the 
energetic potential of ferric/ferrous redox couple is relative to the energetic level of the 
conduction and valence bands4, 6. 
1.1.1.b Dissolution Mechanisms 
The different electronic structures of Cu2S and CuFeS2 determine the 
fundamental principles of dissolution. Table 1.0 contrasts their solid state 
properties, as determined by their electronic structure. The process of bond 
breaking and the electronic band from which the electrons are extracted 
according to the molecular band theory is different because of their semi-
conductor type.  The theory states that the dissolution of the covalent bonds 
within the minerals can only occur when the potential of the redox couple is 
                                                     
3 Reprinted from Journal of Chemical Technology and Biotechnology, Vol 31 Issue 1, Tributsch, H. 
and Bennett, J. C., Semiconductor-electrochemical aspects of bacterial leaching. Part 2. Survey of 
rate-controlling sulphide properties, Pages No. 627-635, Copyright 1981, with permission from 
Elsevier 
 
4 Reprinted from Hydrometallurgy, Vol 21 Issue 2, Crundwell, F.K, The influence of the electronic 
structure of solids on the anodic dissolution and leaching of semiconducting sulphide minerals, 
Pages No. 155-190, Copyright (1988), with permission from Elsevier 
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equal to the valence band47, 53, 54, 56. The p-type conduction of Cu2S means the 
concentration of holes within the valence band is greater than the electrons 
within the conduction band. This results in a sometimes partially filled copper 
valence band that can accommodate varying metal concentrations8, 56, 57. 
Dissolution of copper occurs when the valence band energy is increased via hole 
injection by the oxidant4, 52, 56. Whereas, with the n-type conduction of CuFeS2, 
both holes and electrons contribute to dissolution. The large number of mobile 
electrons contained within the iron conduction band of chalcopyrite dictates 
that the Fe-S bond is broken first. As iron(III) ions are released from the lattice 
structure through electron extraction by the oxidant, the hole created in the 
conduction band is consumed by either hole transfer or electron transfer within 
the valence band, which leads to decomposition of the Cu-S bond4. Whilst the 
conduction type determines the inter-mineral processes of how the bonds 
within the lattice are broken to extract the copper, it is the nature of the valence 
band that is most important in considering the electron transfer mechanism of 
mineral dissolution52. 
The possible electron transfer mechanisms involved in chalcopyrite and 
chalcocite dissolution are the same due to the similarity within their valence 
bands. As acid soluble minerals the valance bands of Cu2S and CuFeS2 are 
composed of both sulphur and metal (copper)4, 6, 7, 52, 56. Different processes 
occur when an electron is extracted from the sulphur, compared to metal 
valence bands; electron extraction and electrochemical polarisation, respectively 
(Figure 1.2). The extraction of electrons from the sulphur valance band breaks 
bonds releasing the metal ions and sulphur from the mineral lattice52, 56. Whilst 
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an increase in the oxidation state occurs when electrons are transferred from 
the copper valance band4, 52, 56. As the orbitals of metal valence bands are non-
bonding, a hole is created4, 52, 56. Accumulation of a large number of holes from 
multiple copper valance bands increases the electrical potential of the mineral to 
the decomposition potential releasing the metals ions and sulphur4, 52. 
Two different concepts are presented in the literature for how the energy of the 
valence band is increased to the potential of the ferric/ferrous redox couple; the 
formation of surface states is proposed by Tributsch, and electrochemical 
polarisation is proposed by Crundwell4, 6, 47, 52, 54. Slightly negative –SHδ- surface 
states are produced by the adsorption of protons to the sulphur moiety of 
sulphide minerals, as an electron is extracted from the polar bonds attaching the 
sulphur atom to the crystal lattice to form the new bond with the proton6, 47, 56. 
 
5Figure 1.2: Energy scheme and examples of bond breaking mechanisms in sulphides. 
Bond breaking in valence band or surface states by electron extraction from Sulphur 
valence bands, left, and electron extraction from non-bonding metal valence bands 
creates a hole increasing the oxidation state of the metal, right52. 
                                                     
5 Reprinted from Process Metallurgy, Vol 9, Tributsch, H., Direct versus indirect bioleaching, Pages 
No. 51-60, Copyright (1999), with permission from Elsevier 
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The stability of surface metal-sulphur bonds is disrupted by an increase in the 
electron density around the sulphur atoms, consequently other electrons are re-
distributed onto neighbouring atoms47, 56. This raises the energetic potential of 
the sulphur valence band. In the absence of other electron acceptors, such as 
ferric iron, adsorption of a further proton breaks the other bond liberating metal 
ions and hydrogen sulphide (equation 1). This is the first step in the reaction 
pathway claimed by Sand to describe the dissolution of acid soluble minerals and 
their sulphur chemistry51, 57, 58. This phenomenon explains the dissolution of 
sulphide minerals in the absence of ferric ion and bacteria according to their 
solubility product, and the enhanced rate of dissolution experienced when ferric 
ion or bacteria are present47. Due to the greater ability of ferric ion and bacteria 
to oxidise the slightly negative –SHδ- states, dissolution is enhanced in their 
presence47. Therefore, according to this reaction pathway, the formation of 
hydrogen sulphide is rate-limiting. 
MeS(s) + 2H   (aq)+ →  Me      (aq) 2+ + H2S(aq), where Me is a metal cation                   (1)                                                           
Equation 1: Acidic dissolution of metal sulphides by protons in the absence of other 
electron acceptors. 
In contrast to this, Crundwell presents a compelling discussion dismissing the 
formation of surface states and asserting that the dissolution of all sulphide 
minerals can be explained by an electrochemical mechanism53, 54. It describes 
how the oxidation and release of metal ions into the surrounding media is rate 
limited by the electron transfer from the mineral to the leaching media across a 
potential difference, which is dependent on the order of reaction for the 
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concentration of the oxidant4, 54. The expression for the electrical potential of 
the dissolving surface i.e.: mixed potential (equation 2) demonstrates how the 
rate is controlled by changes in the composition of the leaching media, in 
particular the concentration of the oxidant, which causes the mixed potential to 
increase or decrease54. The electrical potential difference determines the height 
of the activation barrier for the transfer of charged ions across the double layer 
into the solution54. The double layer forms at the mineral-media interface, like 
any conducting surface,  as an excess density of charge at the mineral surface is 
counterbalanced by a layer of charge adjacent to it in the solution (figure 1.3)4, 
54.  This configuration causes the redistribution of electrons in the interfacial 
region of the mineral, increasing the energetic potential of the valence band to 
overlap with that of the ferric/ferrous redox couple. Thus allowing the transfer 
of electrons to ferric ion, and overcoming the activation barrier for the transfer 
of the charged ion4, 54, 56. Mineral dissolution through this mechanism is 
supported by a number of principles and observations. 
VH=
F
RT
ln � kc
�Fe3+�
ka+kc
1�Fe2+�
�                                                                                                            (2) 
Equation 2: Mixed potential of the double layer (VH), where F is Faradays constant, R is the 
gas constant, T is the temperature, kc is the rate of the cathodic reaction, ka is the rate of 
the anodic reaction, k1c is the rate of the reversible cathodic reaction, [Fe3+] is the 
concentration of ferric ions, and [Fe2+] is the concentration of ferrous ions. 
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6Figure 1.3: The mineral-media interface showing the double layer formed by the 
configuration and distribution of charge54.   
The electrochemical mechanism explains the dissolution of different minerals. It 
shows how leaching processes have the same rate-limiting step and why the 
concentration of the oxidant is so important. A large range of minerals with 
differing dissolution and media chemistry have demonstrated from analysis of 
the order of reaction that the concentration of the oxidant or reductant in 
leaching reactions is the same54. This identical property cannot be explained by 
diffusional processes, stoichiometry, or nature of the mineral surface and its 
products, as they are different between minerals. However, the mixed potential 
experienced at the leaching interface will be diverse depending on the mineral 
chemistry and media composition, and this will affect the energy barrier of 
mineral dissolution reactions. Considering this, the dissolution of CuFeS2 and 
Cu2S via proton attack in the presence of an oxidant is unlikely for a couple of 
                                                     
6 Reprinted from Hydrometallurgy, Vol 139, Crundwell, F.K, The dissolution and leaching of 
minerals: Mechanisms, myths and misunderstandings, Pages No. 132-148, Copyright (2013), with 
permission from Elsevier 
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reasons. The reaction pathway suggests a dependency on proton concentration, 
which is not observed, and significantly, the production of hydrogen sulphide 
through acidic dissolution of sulphide minerals doesn’t involve the transfer of 
electrons8, 54, 59. The rate of proton attack is also too slow to sustain the overall 
reaction, with the rate of attack by an oxidant being much faster54. Therefore, 
the reaction pathway must involve the transfer of electrons between the mineral 
and an oxidant with an electrical potential that overlays with the valence band. 
1.1.1c Leaching Reaction Pathways 
The chemical and bioleaching of chalcopyrite and chalcocite commonly occurs in 
acidic ferric sulphate media. The overall reaction for both mineral’s dissolution is 
shown in equations 3 and 4, respectively. These equations summarise the three 
and two stage processes involved, respectively (equations 5 - 7).  However, these 
are a simplified representation of the actual reaction pathway, as a number of 
reactions take place for each of the minerals to completely dissolve into metal 
ions and sulphur. Despite the difference in composition, the reaction pathway is 
similar, as the first stage in the oxidation of CuFeS2 is the preferential dissolution 
of iron to produce non-stoichiometric copper-rich polysulphides (equation 8)60-
62. In the second stage, these progress through and yield a series of copper 
sulphide intermediates, which are dependent on the media conditions4, 8, 44-46, 63. 
Species include, Cu2S, Cu1.96-1.91S, Cu1.86-1.80S, Cu1.75S, Cu1.68-1.65S, Cu1.40-1.36S, 
Cu1.12S, CuS4, 8, 44-46, 63. These are the same sulphides that can be produced during 
the progressive copper extraction from Cu2S in stage one of dissolution8, 9, 45, 64. 
An example of such a pathway is shown in equations 9 - 11, where CuxS 
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(1 < × < 2) species have been confirmed from oxidation peaks produced on 
massive CuFeS2 electrodes throughout the bioleaching process and Cu2S 
electrodes in sulfuric acid media61, 63. Therefore, after the dissolution of iron, 
CuFeS2 follows the same two stage leaching process as Cu2S. Other reaction 
pathways involving non-oxidative dissolution via protons have been suggested to 
occur, but in the presence of ferric iron this is unlikely to occur and/or contribute 
only minutely to the dissolution51, 57, 65. The number of transformations, exact 
species evolved, and rate of dissolution depends on the leaching media 
conditions. 
CuFeS2(s) + 4Fe      (aq)3+ → Cu      (aq)2+  + 5Fe      (aq)3+  + S(s)                                                       (3) 
Cu2S(s) + 4Fe      (aq)3+ → 2Cu      (aq) 2+ + 4Fe      (aq) 3+ + S(s)                                                        (4) 
2CuFeS2(s) + 2Fe      (aq)3+  → Cu2S(s) + 4Fe      (aq)3+                                                                 (5) 
Cu2S(s) + 2Fe      (aq)3+  → CuS(s) + Cu      (aq)2+  + 2Fe2+                                                            (6) 
CuS(s) + 2Fe      (aq)3+  → Cu      (aq)2+  + 2Fe      (aq)3+  + S(s)                                                           (7) 
Equations 3 - 7: Overall leaching reactions for the dissolution of copper from chalcopyrite 
(3), and chalcocite (4). The dissolution of chalcopyrite can be separated into three distinct 
stages, with the latter two stages representing chalcocite dissolution; the preferential 
dissolution of iron to produce chalcocite (5), the leaching of copper from chalcocite to 
produce covellite (6), and the final extraction of copper from covellite yielding copper and 
iron ions, and sulphur (7). 
CuFeS2 → xCu2+ + yFe2+ +  Cu1-xFe1-yS2-z + 2(x+y)e-    where y>x                           (8) 
Cu2S ↔  Cu1.92S + 0.08Cu2+ + 0.16e-                                                                          (9) 
Cu1.92S ↔  Cu1.60S + 0.32Cu2+ + 0.64e-                                                                      (10) 
Cu1.60S ↔  CuS + 0.60Cu2+ + 1.2e-                                                                             (11) 
Equations 8 – 11: Reaction pathway of chalcopyrite dissolution showing the formation of 
non-stoichiometric copper-rich polysulphides in stage one of dissolution (8), followed by a 
number of reaction steps that produce copper sulphide intermediates during the second 
stage of dissolution in chalcopyrite, and first stage of dissolution in chalcocite (9 – 11). 
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1.1.2 Factors Affecting the Dissolution of Copper(I) Sulphide & 
Chalcopyrite 
The conditions of the leaching media are a complex amalgamation of the 
chemical, biological and electrochemical reactions occurring during dissolution. 
Understanding the leaching process of Cu2S and CuFeS2 has been fraught by the 
use of numerous different media speciation, different initial concentrations of 
reagents, and the different resultant changes in speciation they cause to the 
mineral surface, making comparisons between studies unfeasible. This may be 
partly a consequence of the difficulty in controlling the significant variables 
within acidic ferric sulphate media (pH, ferric ion concentration and redox 
potential), because of the relationships between them. The relative impact of 
each depends on the presence or absence of bacteria.  The presence of bacteria 
introduces a new complexity, as biological oxidation reactions participate in 
altering the levels of different factors. However, from these studies, and the 
analysis of leaching reactions a number of valid conclusions can be made as to 
the effect of media species on and their role in the leaching outcome. The 
Pourbaix diagrams of the CuFeS2-H2O, Cu2S-H2O and Fe-H2O systems are 
important tools for analysing leaching studies, as they illustrate the pH and 
redox potential conditions required to dissolve copper from the mineral, and the 
speciation of solution components at specific values5, 45, 66. Observations and 
trends in ion concentrations, pH, redox potential and surface speciation can be 
explained. The impact of surface speciation on the rates of leaching reactions 
indicates that the rate of mineral dissolution is determined by the changes that 
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occur to the concentrations and conditions of the leaching media. All of which 
can be explained by the electrochemical mechanism of dissolution where 
oxidation of chalcopyrite by ferric ion is determined by the mixed potential 
(discussed in section 2.1.2). 
1.1.2a Ferric Iron 
The primary role of ferric ion in the oxidative dissolution of Cu2S and CuFeS2 is to 
serve as the electron acceptor. It is the most widely used oxidant for CuFeS2 
leaching, dating back to the early 1970s66. A positive relationship between 
dissolution rate and ferric iron concentration up to a threshold is well 
established5, 8, 15, 59, 64, 67. The concentration of ferric ion is controlled by the rates 
of its generation from abiotic (which is minimal) or biological ferrous oxidation, 
and its consumption from oxidation of the mineral or precipitation (Equations 
12, 1 and 2, and 13 and 14, respectively). In this manner the ratio of ferric to 
ferrous ions is regulated, and contributes to changes in the redox potential of 
the media. Like the direct relationship that the speciation of iron and availability 
of free ferric ion share with pH and redox potential, the allowed transformations 
of surface species throughout dissolution progression is also reliant on these 
factors as illustrated in the Pourbaix diagrams for the CuFeS2-H2O, Cu2S-H2O and 
Fe-H2O systems (figure 1.4). Studies of the dissolution of chalcopyrite and 
chalcocite report differing relationships between the rate and ferric iron 
concentration, depending on the stage of dissolution and redox potential5, 8, 9, 14, 
15, 32, 59, 60, 68-71.  Therefore, ferric ions are vital to Cu2S and CuFeS2 dissolution, not 
only as the electron acceptor, but as the rate-determining factor by contributing 
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to the redox potential. This contributes to the mixed potential of the mineral-
media interface which dictates the allowable transformations and completeness 
of the mineral decomposition (discussed previously in section 2.1.2).   
Fe      (aq)
2+  + 4H    (aq)+  + O2(g) with and without A.f�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� Fe      (aq)3+  + 2H2O(l)                                 (12) 
Fe      (aq)
3+  + 3H2O(l)→ Fe(OH)3(s) + 3H    (aq)+                                                                  (13) 
Fe      (aq)
3+  + 2SO4     (aq) 2-  + 6H2O(l) + M    (aq)+ → MFe(SO4)2(OH)6(s) + 6H    (aq)+              (14) 
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a)  b) 
c)  
Figure 1.4: Pourbaix diagrams of 7a) Cu-S-H2O, 8b) Cu-Fe-S-H2O, and 7c) Fe-H2O systems, which 
indicate the speciation present within media at specific pH and redox potential conditions5, 45. 
 
                                                     
7 Reprinted from Hydrometallurgy: Principles and Applications, Havlik, T., Thermodynamic studies 
of heterogeneous systems, Pages No. 96-172, Copyright (2008), with permission from Elsevier 
 
8 Reprinted from Hydrometallurgy, Vol 93 Issue 3, Córdoba, E. M., et al., Leaching of chalcopyrite 
with ferric ion. Part I: General aspects, Pages No. 81-87, Copyright 2008 with permission from 
Elsevier. 
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1.1.2b pH 
The pH of the leaching media does not directly affect the leaching rate of Cu2S 
and CuFeS2 in ferric ion media but, rather serves an important function relating 
to the availability of ferric ions for oxidation. Whilst a surface based role of 
protons and a non-oxidative dissolution pathway is reported by Tributsch and 
Sand (discussed in section 2.1.2), contribution of these reactions is diminished in 
the presence of an oxidant6, 47, 57. The rate of ferric leaching from Cu2S and 
CuFeS2 has been reported to be independent of proton concentration8, 9, 54, 59, 72. 
However, as illustrated in the Pourbaix diagrams, pH has a vital role in 
determining the surface and media species involved in dissolution. Ferric ions 
are a necessity in the leaching process, as they are the oxidant, and the phase of 
these is partly regulated by the pH66, 68, 73. The pH of the leaching media changes 
throughout leaching based on the rates of the proton consuming and proton 
generating reactions. Equations 12, 13 and 14, and 15 demonstrate that ferrous 
oxidation is the proton consuming, and ferric hydrolysis, jarosite formation and 
microbial sulphur oxidation are the proton generating leaching reactions. The 
detrimental effect on leaching caused by precipitation of ferric iron compounds 
is associated throughout the literature with increasing pH5, 14, 66, 67, 73-76. This is 
evinced in the Pourbaix diagram for the Fe-H2O system (figure 5c). Therefore, pH 
affects the kinetics of dissolution, not due to proton activity, but due to the 
increased solubility of ferric iron at lower pH70. 
2S(s) + 3O2(g) + 2H2O(l) A.f→  4H    (aq)+ + 2SO4      (aq)  2-                                            (15) 
Equation 15: Microbial oxidation of sulphur, a proton generating leaching reaction. 
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1.1.2c Redox Potential 
The redox potential is established as the most crucial factor in determining the 
copper dissolution rate and yield of copper extracted from Cu2S and CuFeS2. Its 
influence has even been stated as far surpassing the effect of bacteria numbers 
and activity77. Control of the redox potential has been identified as critical to the 
outcome of the leaching of these sulphide containing minerals in numerous 
studies3, 8, 9, 14, 15, 46, 64, 65, 70, 73, 74, 77-90. The early work of Kametani and Aoki in 
discerning the passivation potential has been influential on the subject78. The 
redox potential is directly a function of the ferric to ferrous ion ratio, according 
to the Nernst equation, and is affected by the rates of reactions producing and 
consuming these ions. The dependence of the leaching on the redox potential is 
displayed by the classical active passive behaviour with a potential region of 
optimal dissolution and copper release15, 60, 81, 86. Numerous publications on 
chalcopyrite have reported a maximal leaching rate in a redox potential window 
of 240-440mV vs. Ag/AgCl 3M KCl, and the passivation potential to be ~484mV 
vs. Ag/AgCl 3M KCl15, 77, 81, 83, 85, 88, 91. Increases in the redox potential beyond this 
point are associated with harmful effects on the leaching process and copper 
yield by harnessing conditions that favour ferric iron precipitation and 
passivation. A similar trend is observed in chalcocite, where the dissolution rate 
increases with potential up to ~600mV vs SHE with copper extraction forming 
covellite8, 9, 64. Increases in potential beyond this point are only beneficial to 
leaching at high temperatures, allowing further copper extraction from the 
covellite formed8, 9, 64. Controlling the bulk solution redox potential is considered 
to be a resolution to improving copper extraction from both these minerals87. 
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Approximately 35% more copper has been extracted from chalcopyrite 
concentrates under mesophilic (temperatures of ~20-45°C) and moderately 
thermophilic (temperatures of ~45-65°C) conditions by controlling the redox 
potential between 400 and 425mV vs. Ag/AgCl electrochemically87. Many of the 
reported redox potentials are measured in the media and neglect the fact that 
this potential is different to the potential of the mineral/media interface and 
most likely also the microbe-mineral interface80. Understanding the redox 
chemistry and mechanisms occurring at these different interfaces is important in 
deciphering which conditions are required to promote or maintain copper 
extraction.   
1.1.3 Interface Mechanisms 
The complexity of bioleaching and the role of microbes are understood by 
evaluating the types of processes occurring at the different interfaces present. 
Leaching involves three interfaces; microbe-mineral, microbe-media, and 
mineral-media. The mechanisms by which copper, iron and sulphur is liberated 
from the mineral by bacteria has been extensively researched and debated. 
These processes occurring at the different interfaces were once described as 
direct and indirect, but are now described as; “chemical”, “contact” and “non-
contact”. The acceptance of the indirect theory as the mechanism by which 
sulphide mineral dissolution occurs was established at the beginning of the 20th 
century. Prior to then the concept known as contact leaching was described as 
occurring through direct means.  
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1.1.3a Direct Mechanism 
The direct mechanism of chalcopyrite dissolution is described as enzymatic 
oxidation of sulphur species by bacteria through direct contact between the 
microbe and mineral surfaces, where oxygen is the electron acceptor and there 
is no involvement of ferric iron (equation 16)13, 19, 21, 49-51, 53, 54, 72, 92-95. Many of 
the observations that were argued to suggest a direct means of dissolution, were 
discredited with other explanations and contradictory observations. Examples of 
these are; attachment not being necessary for leaching or pitting, localised 
dissolution through the indirect “contact” mechanism by ferric ion can explain 
enhanced leaching rates and pitting, sulphur oxidation proceeds indirectly as a 
subsequent step of acid dissolution, proton attack is not supported in ferric ion 
media, yield coefficients are in proportion to the stoichiometry of leaching 
reactions, and it doesn’t coincide with the electrochemical mechanism of 
dissolution14, 21, 53, 54, 96. The products of the leaching reactions by direct and 
indirect mechanisms are the same. There is no way to distinguish by which 
method the products are liberated and most significantly, there’s a lack of 
evidence demonstrating that bacteria break the metal-sulphide bond3, 53. These 
studies lead to the indirect leaching model51, 52. 
CuFeS2(s) + 3O2(g) + 2H2O(l) A.f/A.t�⎯⎯�  2Cu      (aq)2+  + 2Fe      (aq)2+  + 4H    (aq)+  + 2SO4    (aq) 2-   (16)        
Equation 16: Enzymatic oxidation of chalcopyrite by bacteria via the direct mechanism of 
dissolution. 
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1.1.3b Indirect Mechanism 
The conventional definition of the indirect leaching mechanism is a chemical 
process whereby ferric ion produced from bacterial metabolism dissolves the 
mineral3, 13, 14, 19, 21, 32, 49-53, 65, 67, 72, 92, 93, 95, 97. Specifically, it was identified as not 
requiring direct contact between cell surface and mineral surface19, 49, 50, 52, 53. 
However, introduction of the EPS into modelling the processes that occur at the 
microbe-mineral saw the indirect mechanism redefined to include ferric ion 
oxidation by attached and unattached bacteria by Sand and Tributsch21, 51, 52. The 
greater dissolution rate observed when bioleaching is accounted for by the 
concentration of ferric ion bound within the EPS at the mineral surface and the 
acceleration of ferrous ion oxidation by bacteria in the media13, 19, 21, 52. Indirect 
dissolution is demonstrated at three different interfaces; microbe-mineral, 
microbe-media, and mineral-media, where a different leaching mechanism 
involving ferric ion oxidation of the mineral occurs52. 
The terms “chemical leaching”, “contact leaching”, and “non-
contact/cooperative leaching” most adequately describe the processes of 
dissolution occurring at the mineral-media, microbe-mineral and microbe-media 
interfaces (figure 1.5). These mechanisms are all described as indirect and were 
developed from better understanding the kinetics of leaching reactions54. 
Chemical leaching takes place at the mineral-media interface; ferric ion within 
the media dissolve the mineral electrochemically. Contact leaching refers to 
dissolution of the mineral by concentration of ferric ions within the EPS of 
attached bacteria at the microbe-mineral interface, as modelled by Sand12, 13, 21, 
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32, 51, 53, 65. Aside from this process, the microbial oxidation of sulphur species has 
also been described by the term contact, and another report had defined this 
process as an electron shuttle system in direct leaching, leading to confusion 
among the scientific community50, 53. The expression, contact leaching provides 
clarification and was implemented as it more accurately describes the processes 
that take place at the microbe-mineral interface. Cleavage of the metal to 
sulphur bond was highlighted by Sand to take place before the oxidation of 
sulphur21. Therefore, both the oxidation of the mineral by ferric ions, and 
dissolution of the mineral by sulphur oxidation occur essentially by indirect 
processes considering the conventional definition (previously cited). Cooperative 
leaching specifically refers to the utilisation of the ferrous ion and sulphur 
species released by contact leaching as sources of energy52, 67, 97. Non-
contact/cooperative leaching involves the microbe-media interface, where the 
oxidation of sulphur species and ferrous ions present in the bulk solution occurs 
by planktonic bacteria32, 52, 97. The reagents involved in chemical leaching at the 
mineral-media interface are regenerated during this bacterial metabolism 
process. Examination of the three interface mechanisms and the bond breaking 
mechanisms involved provides insight into the role of bacteria in mineral 
dissolution. 
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Figure 1.5: Schematic diagram of the mechanisms involved in the dissolution of minerals 
during bioleaching; chemical leaching, non-contact mechanism, and contact mechanism.  
1.1.3c Role of Microbes 
The mixed potential at the latter two interfaces is more valuable, as this is where 
the oxidative dissolution processes occur. Furthermore, the increased rates of 
dissolution experienced when utilising bacteria can be explained by their ability 
to manipulate the double layer and oxidant concentration. The different 
interfaces present in bioleaching illustrate how this is achieved.   
1.1.4 Extracellular Polymeric Substances (EPS) 
The EPS is a common theme among bioleaching, accepted as the cause of 
enhanced dissolution in the presence of bacteria3, 19, 21, 32, 51-53, 92, 94, 96. It’s 
importance at the microbe-mineral interface became recognised in efforts to 
explain differences in leaching rates12. The component(s) within the EPS 
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responsible for the oxidation of chalcopyrite and chalcocite have been 
speculated, but not confirmed. There are a number of reasons why this facet has 
remained unsolved. The complex nature, the sample preparation required and 
the inferior technology of analytical techniques have made it difficult to study 
the EPS25, 27, 28, 31, 98-101. However, the development of laser scanning techniques 
has provided a new avenue that can now be explored. 
1.1.4a Composition 
One of the difficulties encountered in studying the EPS is, like the bacteria that 
produces it, it is structurally complex and diverse. There are several different 
classes of macromolecules that compose the EPS; polysaccharides, proteins, 
nucleic acids, glycoproteins and phospholipids25, 26, 28, 34, 102-105. The EPS can also 
consist of some structural components such as, flagella, pili, membrane vesicles 
and cellular debris101. It’s composition and the amount produced is dependent 
on the growth conditions of the bacterial cells (temperature, solution pH, 
electrolyte and macromolecule concentration), type of substrate and its 
adsorbent surface chemistry, age of the culture, and species and strains of 
bacteria18, 21, 23, 25, 27, 28, 31-34, 105-110.  
The EPS composition of A.f differs based on the growth substrate and biofilm 
maturity. In general EPS grown on a mineral or iron (II) substrate are primarily 
composed of neutral 40-50% sugars and 40-65% fatty acids including uronic 
acids, and significantly a small amount of ferric iron17, 23, 27, 106, 111. The majority of 
the sugar component is comprised of fructose, rhamnose, and glucose, but 
galactose, mannose, xylose, and heptose are also present27, 34, 105, 106, 112. The 
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majority of the fatty acids comprised of docosanic, octadecanic, and hexadecanic 
acids34, 105, 106, 112. Low levels of protein, nitrogen and phosphorous have also 
been detected17, 23, 34, 111. The relative amounts of each of these substances 
varies throughout the bioleaching process as the biofilm develops111. The EPS of 
cells grown on sulfur consist of more fatty acids rather than sugars and uronic 
acids, and totally lack complexed iron (III) ions, which are the prerequisite for 
electrostatic attraction between the mineral ore and the bacteria for 
attachment23, 65. In such a case, hydrophobic interactions occur. Whereas, 
bacteria grown on soluble substrates (Iron(II) sulphate) produce more EPS21, 65, 
106, 113. Whilst the exact composition remains elusive, influence from the growth 
substrate is acknowledged18, 21, 23, 27, 31, 32, 34, 65, 106. These factors increase the 
difficulty in identifying the EPS species that functions in oxidation of the 
minerals.   
1.1.4b Involvement in Leaching 
The EPS species involved in the electron transfer that liberates copper from Cu2S 
and CuFeS2 remains unsolved. The component of the EPS reported to oxidise 
CuFeS2 are complexes of ferric iron with glucuronic acid, due to the correlation 
between iron(III) concentration and oxidative activity3, 12, 17, 21. However, these 
complexes are absent within the EPS of microbes grown on sulphur, where 
leaching still occurs23, 32. This suggests there is a different dissolution process 
available for exploitation within the microbe-mineral interface that has yet to be 
identified. Furthermore, a recent electrochemical experiment suggests there are 
multiple electron transfer pathways possible between A.f and its attached 
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surface114. These studies highlight a deficiency in the knowledge of EPS formed 
by A.f on chalcopyrite and chalcocite surfaces; electron-transfer reactions 
between EPS components and mineral surfaces involved in dissolution remain 
undetermined and to be explored. This is partly impeded by the limitations of 
current analytical techniques and technology. 
1.1.4c Analysis 
The knowledge gained from EPS analysis has been largely restricted by available 
technology and its limitations. Three different approaches, chemical and 
physical, spectroscopic and microscopic, have been utilized to investigate EPS 
composition and structure. Table 2 outlines the different techniques within each 
approach. Prior to the development of laser scanning microscopy methods, 
conventional light and electron microscopy were used to investigate biofilms 
and visualize EPS. Cryo techniques, such as negative staining, thin sectioning, 
and freeze-etching were also explored as alternatives115. These methods were 
constrained by insufficient resolution and destructive sample preparation27, 101, 
115-122. The introduction of laser scanning and subsequently in conjunction with 
probes has revolutionised the way researchers can visualise and examine the 
structure and composition of different samples100, 116, 118, 121-124. Confocal Laser 
Scanning microscopy (CLSM) is considered the optimal instrument for biofilm 
examinations116. 
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Table 1.1: Analytical techniques used to analyse EPS based on approach and 
destructiveness. 
 Technique Destructive/Non-
destructive 
Chemical 
Extraction, isolation, purification, hydrolysis, 
electrophoresis, chromatography Destructive 
Negative staining, thin sectioning, freeze etching 
Spectroscopic 
Raman spectroscopy  
Non-destructive Nuclear Magnetic Resonance spectroscopy (NMR) Attenuated Total Reflectance Fourier Transform 
Infra-Red (ATR-FTIR) 
Microscopic 
Light microscopy  Destructive Scanning Electron microscopy (SEM) 
Transmission Electron microscopy (TEM) 
Environmental Scanning Electron microscopy 
(ESEM) Partially non-destructive 
Scanning Transmission X-ray microscopy (STXM) Non-destructive Atomic Force microscopy (AFM) 
Confocal Laser Scanning microscopy (CLSM) 
 
1.1.4d Chemical Methods 
EPS analysis via chemical means is not commonly utilized due its destructive 
nature. Multiple steps are involved; sampling and pre-treatment, extraction, 
isolation, purification followed by analysis125. Freezing and thawing, application 
of solvents, blending, sonication, cation exchange resin treatment, 
centrifugation, and membrane filtration, either alone or in combination have 
been used to prepare EPS samples for analysis28, 122, 123, 125. All of these can cause 
lysis, dehydration, disruption or interactions of and between EPS constituents 
impacting on yield26, 28, 122, 123, 125. This is because, the conditions required to 
extract each type of macromolecule, and even individual species within 
macromolecules, without its degradation is different26, 28. Final analysis would 
occur using colorimetric of chromatographic techniques116. Another significant 
major drawback is the inability to analyse the EPS in-situ or in its native state. 
Despite this, chemical methods used to be the main technique to quantify and 
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quantitate exopolymers122. The complexity of matrix composition makes it 
difficult to accurately identify all its individual components. However, before the 
development of spectroscopic techniques, without isolation and purification this 
task was not possible.  
1.1.4e Spectroscopic Techniques 
Spectroscopic methods are non-destructive and allow compositional EPS analysis 
to occur in-situ in the native state. Three different techniques have been 
investigated; Raman, nuclear magnetic resonance spectroscopy (NMR), 
attenuated total reflectance – Fourier transform infrared spectroscopy (ATR-
FTIR). Each provide different compositional and structural information, with 
advantages and disadvantages.   
Raman Spectroscopy has been used to relate compositional with structural 
changes27, 126, 127. Specific marker bands have been identified for different EPS 
constituents due to the high specificity and low interference of Raman 
spectroscopy126, 127. Structural changes previously undetected such as those due 
to multivalent cation binding, and a shift in polysaccharide content to more 
glycoprotein content with biofilm age was identified using Raman126, 127. The 
sample preparation is limited and analysis time is short, however, spectra are 
complex and mapping is time-consuming126, 127. 
NMR has displayed extreme potential in EPS analysis and is the standard analysis 
technique for polysaccharide content123, 128. Spectra easily reveal the number of 
carbon monomers in a repeating unit123. Other specific constituents have also 
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been identified, as well as the structure of lipopolysaccharides, biofilm biomass, 
flow velocity, oxygen tension, and cell distribution studied by NMR123, 129. 
Changes in electrolyte concentration cause ion-induced conformational changes 
in carbons of aliphatic chains based on NMR spectra130.  Despite this significant 
method development is required123.  
ATR-FTIR relates functional group chemistry with conformational changes and 
adsorption reactions. Therefore it is useful in studying the adsorption of isolated 
polysaccharides, microbial corrosion processes and adhesion and biofilm 
development of bacteria123, 131. In particular, the monitoring of early biofilm 
development revealed major changes in bacterial metabolism131. Spectra allow 
microbial strain characterization, however, it is not useful in determining 
exopolysaccharide composition or concentration, because of spectral overlap 
with other species31, 123, 132. This has specifically been observed in acidophilic 
bioleaching31. The other disadvantage associated with this technique is to 
analyse the EPS, the biofilm must be grown on crystals of specific material123. 
1.1.4f Microscopic Techniques 
The usefulness of EPS analysis through microscopy is dependent on the 
resolution and destructiveness of technique. The development of electron 
microscopy techniques significantly advanced our investigative ability and 
understanding of the importance of EPS. Whilst some microscopic techniques 
allow for the visualization of microbial biofilms in their most natural state, the 
sample preparation of others causes dehydration and collapse of the matrix 
structure116, 122, 123. The prior is crucial to avoid the creation of artefacts and 
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ensure the information is representative of the complex structure, organization 
and relationships between its constituents. Many of the earlier studies have 
revolved around other microbial species Pseudomonas and Escherichia coli. EPS 
analysis of Acidithiobacillus leaching bacteria has mainly been focused around 
thiooxidans species and the use of CLSM and AFM. 
A combination of electron microscopy techniques demonstrated the presence 
and significance of EPS in microbial adhesion and biofilm development through 
high resolution visualisation120, 123. This is despite the view that destructive 
techniques, such as scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) can lead to misinterpretation due to the creation of 
artifacts from fixation and dehydration of the sample119-121, 123, 133. The drying of 
samples appears to be the most damaging, causing collapse of polysaccharides, a 
major component of the EPS120.  Compared to SEM, TEM is less valuable because 
it is even more destructive with the embedding and sectioning that accompanies 
sample preparation, and its inability to analyse surfaces, which is an area of 
particular interest in bioleaching studies120, 123, 134. However, the higher 
resolution of TEM has been useful in identifying voids, and heterogeneity in 
biofilm thickness, bacterial density and polysaccharide distribution undetected 
by other techniques133, 134. 
Environmental Scanning Electron Microscopy (ESEM) improved on the 
information visualized with traditional SEM. The difference between the two 
techniques lies within the sample preparation and imaging conditions. Whilst 
some treatment is required to provide an electron dense medium for imaging, it 
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is not as harsh on the native state of the biofilm120. Only a moderate vacuum and 
sequential increasing dehydration is applied in ESEM120, 123.  As dehydration 
occurs slowly, surface structures are preserved and images of the EPS can be 
captured in close to native state. This has allowed for the identification of 
external polymers surrounding cells, not previously detected with the cell 
structures visible in SEM120. Particularly, those biofilms involved exposed to 
metals, such as in leaching and corrosion120. 
Atomic Force Microscopy (AFM) has emerged as a prominent EPS analysis 
technique due to its ability to image bacteria and EPS morphology and 
topography in-situ, in its native state.  Both the measurement of bacteria and 
nanoscale structures and layers, such as, the width and height of bacterial cells, 
the thickness and width of the exopolymeric capsule and flagella, substratum 
roughness, and the depth and diameter of corrosion pits has been achieved 
using AFM26, 119, 135. EPS components are typically 50–150 nm in width and 1–10 
nm in thickness135. The value of this three-dimensional imaging of EPS structure 
and its spatial distribution is restricted by the absence of chemical composition 
data, but has the potential to be improved by combining spectroscopic 
analysis135, 136. Whilst the imaging of fully  hydrated biofilms of other bacterial 
species has been performed using AFM, those of A.f on metal sulphides have 
not136.  
Confocal Laser Scanning Microscopy (CLSM) advanced EPS analysis through non-
destructive, three-dimensional imaging of fully hydrated biofilms26, 122, 124, 127, 134, 
135. For these reasons it is the most widely used technique above other 
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microscopy methods. The integrity of the matrix is preserved and resolved by 
minimal pretreatment and optical thin sectioning, which allows for the 
examination of the complex structure124. CLSM has been used quantitate 
multiple biofilm features in time and space, such as, biofilm depth, bacterial cell 
area (biomass), and exopolymer area at various depths and locations122. 
However, the resolution is not adequate enough to discern Nano scale clusters 
of biopolymers135.  Furthermore, the implementation of fluorescent probes in 
conjunction with CLSM has increased its versatility by allowing identification of 
the concentration and distribution of targeted classes of macromolecules within 
the EPS118, 123, 124.  
1.1.4g Probes 
The use of fluorescent probes has significantly expanded the applications of EPS 
analysis using CLSM. The chemical composition of bacterial cells, cell 
appendages, and the exopolymer matrix can be mapped and characterized by 
targeting with specific probes123. A number of different types of probes have 
been investigated; antibodies, lectins and nucleic acid stains28, 35, 116, 118, 122-124, 135. 
Table 3 outlines the different probes used for targeting specific molecules or EPS 
properties. 
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Table 1.2: Fluorescent probes used to study specific EPS components/properties116, 123. 
Target Molecule/property Probe(s) 
Carbohydrate 
residues/glycoconjugates Canavalia ensiformis or Triticum vulgaris 
Polysaccharides Calcofluorwhite M2R, congo red 
Nucleic acids 
Acridine orange (AO), 4'6-diamidino- 2-phenylindole (DAPI), 
SYTO series 
Proteins fluorescein isothiocyanate (FITC), Spyro Series 
Lipids Nile Red 
Charge distribution Dextrans 
 
1.1.4h EPS Analysis of Bioleaching Microbes  
EPS analysis of different mesophilic and thermoacidophilic species of bioleaching 
archaea have been conducted with both pyrite and chalcopyrite18, 36, 38-43, 98, 110, 
136-141. Many of these investigations have utilized a multi-technique approach to 
deliver significant outcomes. The use of multiple techniques is complementary 
and used to support the results obtained from the individual methods. They can 
be broadly categorized into studies on bacterial attachment and biofilm 
development, surface species or EPS characterization. Whilst there has been 
some analysis of the EPS produced by A.f, few have focused on those produced 
from growth on copper containing sulphide minerals36, 137, 142. The EPS analysis 
studies of A.f and/or bacteria on chalcopyrite have mainly involved SEM, AFM 
and CLSM. 
The effects of bioleaching on mineral surfaces is predominantly investigated 
using SEM coupled with a spectroscopic technique. Studies have shown that 
bioleaching activity is correlated with microbial colonization and bioleaching 
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residues41, 139, 140, 142. Contrasting surface topography of pyrite subjected to 
chemical leaching and bioleaching indicates that oxidation of the mineral occurs 
via different mechanisms139. The bioleaching of pyrite with Leptospirillum 
ferrooxidans was determined to involve corrosion creating localized pitting 
where further colonization takes place140. Intermediate species have been 
characterized during chalcopyrite leaching with A.f, with the presence of bornite, 
chalcocite, covellite and elemental sulphur dectected142. These studies have 
given insights into the different mechanisms involved in leaching sulphide 
minerals with acidophilic bacterial species, with only one considering the 
influence of EPS. Analysis of the EPS identified major differences in the amount 
produced and the relative concentration of different components41.  Therefore, 
EPS analysis is crucial to understanding how surface species affect bacterial 
attachment and biofilm development, which impacts on bio oxidation.    
Characterisation of the EPS produced by A.f has centered on determining 
adhesion forces, iron content and distribution, and morphology. AFM and 
spectroscopy have been heavily utilized in such studies. The adhesion force 
between A.f and chalcopyrite has been quantitated using AFM and shown to be 
influenced by the bacteria’s surface charge, hydrophobicity and media pH36, 137. 
The sorption of ferrous and ferric iron within the EPS of A.f was determined to 
form oxalates143. An STXM-based C and Fe NEXAFS study of A.f on pyrite 
revealed the presence of both iron(II) and iron(III), and differences in 
composition between EPS covering the whole cell and that at the mineral 
interface38. These latter two reports support earlier conclusions that oxidation of 
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the mineral occurs via a ferric iron complex within the EPS3, 12, 21, 23, 27, 34, 65. 
However, it was also suggested that leaching occurred via other mechanisms23. 
This has been corroborated by a couple of studies using AFM, which defined the 
thickness and density of extracellular polymers on the A.f cells surface has also 
and established the involvement of type IV pili in electron transfer with Iron(II) 
established98, 138. Furthermore, electrochemical investigations also indicate that 
there is more than one mode of electron transfer available within the EPS of 
A.f114. Identification of the EPS components and their distribution at the 
microbe-mineral interface could be key to understanding bioleaching, and CLSM 
is the leading method to conduct such analyses. 
CLSM and lectin staining targeting specific classes of macromolecules within the 
EPS has been key in identifying conditions that promote colonization and bio 
oxidation based on surface species, and biofilm development and age37, 41, 43. An 
extensive study of the applicability of lectins to studying some acidophilic 
bioleaching bacteria has been performed141. Several lectins were found 
compatible for staining glycoconjugate EPS, allowing for more specificity. 
Comprehensive studies of the bacterial attachment and biofilm development of 
Acidithiobacillus thiooxidans have been conducted using CLSM, AFM, SEM-EDS, 
and Raman revealing the effect of surface sulphur species and mixed microbial 
consortia37, 39-41, 43. Recognising the importance of EPS, lectin staining targeting 
polysaccharide, nucleic acids and lipids was performed to determine their 
contribution to these processes, which showed dependence on biofilm 
development and surface species present39-43. Lectin staining has also proved 
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useful in identifying between microbial species where mixed communities were 
used37. These types of examinations have proved useful in understanding the 
leaching of A.t, but have not been conducted utilizing A.f. The logical step to 
understand the bioleaching of chalcopyrite and chalcocite with A.f is to 
investigate the EPS composition and distribution using fluorescent stains and 
CLSM.  
1.2 Approach & Aims 
A thorough understanding of the fundamental biology, chemistry and 
mineralogy is required to in order to effectively investigate, analyse and evaluate 
the involvement of EPS in the electron transfer between the bacterium and 
mineral surface. Chalcopyrite is notoriously a complex copper sulphide system 
that presents many intricacies when studying a bioleaching system. By utilising a 
less complex copper sulphide model system the impact of these can be 
diminished. Current analytical approaches to studying leaching involve indirect 
methods of metal ion quantitation or focus purely on surface based evaluation. 
Therefore, the aim of this research is to compare the chemical leaching and 
bioleaching of chalcocite with chalcopyrite to explore its potential use as a 
model system in investigating electron transfer processes within the EPS of 
Acidithiobacillus ferrooxidans (A.f). This will be achieved using a multi-
dimensional approach that encompasses controlling the functionalization of the 
substrate to compare changes to the mineral surface with extracted metal 
concentrations, and characterization and distribution of the EPS components.   
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As a fundamental study characterization of the substrate using techniques that 
enable the evaluation of the leaching processes was extremely important. Micro-
patterned copper sulphide thin films are known for their usefulness in a variety 
of scientific and technological applications, due to their optical, electrical and 
semi-conductor properties144. As a result of the importance of thin films in a 
variety of industries, methods of thin film characterisation are well established. 
There are three main aspects of film characterisation; film thickness, 
morphology and structure of the film, and composition of the film145. 
Spectroscopic, electrochemical, and optical analytical techniques are typically 
employed in film characterisation. The thickness, morphology, structure and 
composition, in addition to the electrochemical properties of copper sulphide 
thin films synthesised by chemical bath deposition (CBD) are well-established144, 
146. However, these techniques would be difficult to apply to leaching studies. 
WLIP has been excluded from such analyses, even though it is a routine 
diagnostic method for determining film thickness and surface topography145, 147. 
Whilst SEM-EDX is not a traditionally chosen spectroscopic technique used to 
analyse thin films due to its non-distinction between elemental redox states, it 
provides information about the film morphology and composition non-
destructively. Furthermore, quantitation of extracted copper, aqueous iron(II) 
and iron(III), and monitoring of pH and redox potential is crucial in 
understanding the leaching process. Measurement of metal ions is usually 
conducted ex-situ and the development of in-situ methods would be valuable to 
the industry to improve the monitoring of leaching. Therefore, the first two 
experimental chapters (chapter three and four) focus on the investigation of 
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analytical techniques as characterization methods for patterned copper sulphide 
thin films as substrates and leaching studies. The aim of this is to demonstrate 
the quantitation of aqueous copper and iron ions in-situ and evaluate the critical 
aspects of chemical leaching using WLIP and SEM-EDX by examining the effect 
leaching media conditions on the copper sulphide thin film. These could then be 
compared to data within the literature on chalcopyrite to verify the applicability 
of the copper sulphide substrate as a model. 
Following this, the EPS formed by A.f on both chalcopyrite and chalcocite are 
examined to compare the spatial distribution of different component EPS 
molecules within the biofilm on each substrate (chapter five). The appearance 
and coverage of the EPS is investigated in dehydrated and native states using 
SEM. Fluorescent stains used to examine polysaccharide, nucleic acid and lipid 
content of EPS from other related bioleaching microbial consortia will be applied 
and their coverage, concentration and thickness evaluated using CLSM. The aim 
of this is to determine any differences between EPS produced and biofilms 
formed by A.f on the different copper containing sulphides. Particularly, in EPS 
composition, which may explain electron transfer at the mineral-interface, metal 
extraction rates and yields.    
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Chapter Two 
Methodology & Experimental 
Procedures 
2.0 Introduction 
Surveying of the literature has shown that studying the leaching of the mineral 
chalcopyrite is notoriously problematic due to its recalcitrant nature and the complex 
nature of the intertwined chemical reactions that transpire within the media1-5. This is 
further complicated by the introduction of microbes into the system, as biochemical 
processes interact and impact on the reactions already taking place2, 6-9. Despite this, 
bioleaching is a more effective and efficient copper extraction process1, 10, 11. The reason 
for this is identified to lie within the reaction space formed from the biofilm interface 
between the mineral and bacteria1, 2, 6, 11-17. In order to gain insight into the mechanistic 
processes that occur here, a comparative study of chalcocite and chalcopyrite leaching 
is conducted to explore the possibility of studying this interface on the simpler copper 
sulphide as a model system. 
Reports on the efficiency of copper leaching from copper sulphide minerals and 
chalcopyrite in acidic iron(III) medium are often made through the indirect method of 
monitoring aqueous copper concentration, and not through direct surface 
measurements1, 4, 9, 18-28. However, it is the changes occurring at these mineral surfaces 
that affect the leaching process. The use of patterned copper sulphide thin films as the 
model mineral substrate for studying leaching are investigated due to the inherent 
ability to control their functionalisation, their quantifiable characteristics, and ease of 
techniques available to measure these29-31. Characteristics of thin films analysed in 
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industry, the thickness, morphology and composition, were examined utilising white 
light interferometric profilometry (WLIP) and scanning electron microscopy energy 
dispersive x-ray.  
Leaching studies frequently monitor changes in pH, oxidation reduction potential (ORP), 
and aqueous copper, iron(II) and iron(III) concentrations, which are used to infer 
processes occurring at the mineral surface during leaching1, 4, 9, 18-28. Whilst techniques 
already exist allowing for easy in-situ measurement of pH and ORP, there is neither an 
in-situ nor method currently available to simultaneously determine aqueous copper, 
iron(II) and iron(III) concentrations. Electrochemical techniques have the advantage of 
providing in-situ accessibility, as well as superior sensitivity32-35. The applicability of 
electrochemistry in the development of a sensor to simultaneously measure copper, 
iron(II) and iron(III) concentrations was investigated. The first phase of this thesis aims 
to address these issues, in providing a surface quantifiable method for measuring 
copper extraction, and developing a method to simultaneously determine copper, 
iron(II) and iron(III) concentrations.  
Once the means by which measuring leaching efficiency is defined, the changes in these 
film characteristics on copper sulphide thin films before and after leaching are 
investigated as an alternative method of quantifying copper extraction and examining 
the mechanistic processes of copper dissolution.  In order for the copper sulphide thin 
films to be validated as a model system for chalcopyrite, the information learned using 
the copper sulphide thin film substrate was compared to chalcopyrite leaching studies. 
Both the effects of pH and redox potential in the form of the iron(II) to iron(II) ratio on 
leaching behaviour are investigated. The method established using WLIP and SEM-EDX 
was utilised in examining the copper dissolution from the copper sulphide thin films in 
acidic iron(III) sulphate medium and the mechanistic leaching behaviour extracted 
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compared to chalcopyrite. The next phase of the study was to examine the leaching 
behaviour of the thin films in bioleaching media. This was conducted in a two-part 
process with formation of the biofilm and its properties analysed before copper 
dissolution efficiency.  
The formation of the biofilm, its properties, and the interface between the copper 
sulphide and chalcopyrite substrates and Acidithiobacillus ferrooxidans (A.f) was 
analysed in both a fixed and native state using SEM, environmental SEM, and confocal 
laser scanning microscopy. As this is the first instance of SEM analysis of A.f on copper 
sulphide and chalcopyrite, pyrite is also studied as a control. The effect of three 
different buffer systems on visualisation were examined. The results of the fixation 
studies were used to guide the CLSM studies. Fluorescent staining was applied to target 
different components of the extracellular polymeric substances that compose the 
biofilm, with their spatial distribution examined through CLSM to gain insight into the 
interface formed by A.f at each of the mineral surfaces. Confirmation of a biofilm leads 
onto bioleaching studies.   
The same quantifiable film characteristics used in the chemical leaching studies are 
applied to study the model substrate and chalcopyrite in bioleaching media. Changes to 
the mineral surfaces and its characteristics are examined, alongside monitoring of pH 
and aqueous copper, iron(II), and iron(III) concentrations electrochemically, which were 
used to assist in explaining leaching phenomenon. It is now, combining all the 
information from the chemical leaching studies, analysis of the biofilm, and bioleaching 
studies that a true conclusion can be made on the validity of copper sulphide as a model 
system for studying the leaching of chalcopyrite.  
Further work to identify the electron-transfer reactions that take place within the EPS 
between the bacteria and mineral surface would involve electrochemical analysis. This is 
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difficult due to the oxidising nature of the mineral substrate. Cyclic voltametric studies 
show a number of different redox reactions occur. To be able to analyse the electron-
transfer reactions between the bacteria and mineral surface, a preliminary study of the 
number and type of reactions taking place was investigated by culturing the A.f on inert 
carbon electrodes and conducting cyclic voltammetry.  
Therefore, the project can be summarised by five distinct phases; 
• Development of a surface quantifiable method, and an electrochemical sensor 
for studying copper leaching. 
• Validation of the model copper sulphide thin films via chemical leaching 
utilising the prescribed methods. 
• Studying the formation and properties of the A.f biofilm on copper sulphide 
substrates. 
• Validation of the model copper sulphide thin films via bioleaching utilising the 
prescribed methods. 
• Electrochemical study of the substrate/A.f interface. 
2.1 Copper Sulphide Thin Films Surface Quantification 
2.1.1 Synthesis of Patterned Copper Sulphide Thin Films   
The patterned copper sulphide thin films were synthesised using (111)-oriented single 
crystal silicon wafers purchased from Semiconductor Wafer Inc., Taiwan as the 
substrate. The solutes and solvents used to synthesise these films are listed in tables 2.0 
and 2.1. 
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Table 2.0: Solutes used in the preparation of copper sulphide samples, their purity and 
their source.  
Solute Purity Source 
Copper(II) sulphate pentahydrate 99.5%  Sigma-Aldrich 
Sodium thiosulphate pentahydrate 99.5%  Sigma-Aldrich 
Ethylenediaminetetraacetic acid disodium salt dehydrate 99+% Sigma 
Table 2.1: Solvents used in the preparation of copper sulphide samples, their purity and 
their source.  
Solvent Purity Source 
Milli-Q Water   
Sulphuric acid 95-98% 
98% 
ChemSupply 
Merck KGaA 
Hydrogen peroxide 30% Merck Pty Ltd. 
n-hexane 96% Scharlab S.L 
n-heptane 99% Scharlab S.L 
Acetone 99.8% Merck KGaA 
3-Aminopropyltriethoxysilane 99% Aldrich 
The patterned copper sulphide thin films were synthesised according to the procedure 
reported by Chen et. Al (figure 2.0)29. The as-received n-type doping wafers were 
polished on one side with the dimensions of ~0.5mm thickness and 125mm diameter, 
and cut into squares approximately 1cm x 1cm. The silicon wafer was cleaned in 
acetone by ultra-sonication and then rinsed with Milli-Q water, followed by 
hydroxylation at 90°C for 1 hour in piranha solution, a 7:3 (v/v) 98% H2SO4 and 30% 
H2O2 mixture. After rinsing with Milli-Q water, the self-assembled monolayer (SAM) is 
deposited by immersing the silicon wafer in 5.0 x 10-3M APTES in hexane or heptane for 
3 hours. The pattern was then created on the silicon wafer using a striped photomask 
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and applying UV irradiation for 1 hour and incubating in ozone for 15 minutes after. The 
copper sulphide was then deposited onto the banded SAM by immersing the silicon 
wafer in a 1:1:1 10mM CuSO4, EDTA and Na2S2O3 solution at 70°C for 2 hours. After, the 
thin films were washed with Milli-Q water, ultra-sonicated and dried with nitrogen gas. 
Non-patterned Cu1.85S thin films were synthesised using the procedures described above 
excluding application of the photomask, UV irradiation for 1 hour and incubation in 
ozone for 15 minutes.  
 
1Figure 2.0: Schematic procedure for producing patterned Cu1.85S thin films on silicon 
substrates36. 
2.1.2 Physical Analysis of Patterned Cu1.85S Thin Films 
Thin film surface topography, step height, peak height and surface roughness 
measurements were collected using a Bruker Contour GT-K1 3D Optical Microscope 
with Vision64TM multi-core operation and analysis software. 3D film and surface 
                                                          
1 Reprinted from Electrochemica Acta, Vol 56 Issue 14, Chen. M. et. Al., Scanning Electron 
Microscopy, Pages No. 5016-5021, Copyright 2011, under Creative Commons Attribution License 
(CC BY). 
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topographical analyses were conducted using X1.0 FOV multiplier tubes and an X20 
interferometric objective.  
Topographical 3D profile and surface images from which the aforementioned 
characteristics were evaluated are achieved by examining the differences in the optical 
path length of light reflected from the sample and the reference mirror. The optical 
microscope consists of a white light source, Mirau interferometer, microscope objective 
and a CCD (charge-coupled device) camera (Figure 2.1a). The Mirau interferometer 
houses the beam splitter and reference mirror (Figure 2.1b). White light directed into 
the interferometer hits the beam splitter. One beam is directed towards the sample, 
and the other towards the reference. The reflected light of these two beams are 
recombined and their respective wavefronts superimposed by the beam splitter 
creating an interference pattern of light intensity based on the difference in optical 
path. This interference pattern is processed by the CCD. The optical path of reflected 
light from the sample is dependent on the surface topography. When the optical path 
difference is zero, there is constructive interference and the resulting camera pixel of 
the sample point has a high intensity. Where there is a difference in the optical path 
between the reflected reference and sample beams, the resulting camera pixel is of 
lower intensity.      
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Figure 2.1: 2Components of; a) 3D Optical microscope37, and b) Mirau interferometer. The 
Mirau interferometer shows the direction of travel, splitting and recombining of light 
beams. 
Particle morphology of the thin films were examined before and after treatment in the 
leaching media using a Phillips XL20 SEM with an Oxford X-Max 50 mm2 silicon drift 
detector and accelerating voltage of 5kV. 3D Images of the thin film surface are 
achieved by scanning a focused electron beam across the surface. This produces both 
elastic scattering of backscattered electrons and inelastic scattering of secondary 
electrons from interaction with the atoms within the sample. The SEM consists of an 
electron gun, and a series of electromagnetic lenses composed of multiple condenser 
lenses and one objective lens, and apertures, and a detector (Figure 2.2). The lenses and 
apertures function in producing the focusing electron beam through demagnification by 
reducing its cross-over diameter and limiting it divergence, respectively. The objective 
lens houses a beam-deflection system that moves the probing beam along the sample 
surface.  The deflected backscattered electrons from interaction of the incident beam 
                                                          
2 Reprinted from Photonics Spectra, Novak.M., 3-D Optical Microscopy Expands Applications, 
Copyright 2011, with permission from Bruker Nano Surfaces Division 
MICROSCOPE OBJECTIVE 
REFERENCE 
BEAMSPLITTER 
SAMPLE a)                                                                        b) 
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with the sample have a high energy and are useful in elemental composition contrast, 
whereas the ejected secondary electrons are much lower in energy and provide 
topographical contrast. The resultant image is formed from the intensity of the signal 
electrons for each pixel of the scan. Variations in the signal intensity relate to variations 
in geometric features of the surface.    
 
3Figure 2.2: Structure and main components of a scanning electron microscope38. 
2.1.3 Chemical Analysis of Patterned Cu1.85S Thin Films 
Elemental percentage composition of the copper sulphide thin films was evaluated 
using a Phillips XL20 SEM with an Oxford X-Max 50 mm2 silicon drift detector coupled 
with EDS. The accelerating voltage used was 5 kV with the depth of penetration 
estimated to be within hundreds of nanometers. The ratio of copper to sulphur is 
                                                          
3 Reprinted from Materials Characterization, Chapter 4, Leng. Y., Scanning Electron Microscopy, 
Pages No. 127-161, Copyright 1992, with permission from Springer 
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determined from the characteristic x-ray energy emitted from atoms within the sample 
surface irradiated with the high energy electron beam of the SEM39. This process is 
illustrated in Figure 2.3. Electrons within the inner shell of atoms are knocked out of 
atoms when struck by the high energy electron beam, causing the atoms to ionize39. The 
vacancy created in the inner shell is quickly filled by an outer shell electron, as the atom 
returns to normal state. This electron relaxation causes generation of an x-ray photon or 
Auger electron from the energy difference between the outer shell electron and inner 
shell electron that is emitted39. The amount of energy within the x-ray is dependent on 
atomic number.   
 
4Figure 2.3: Excitation of a characteristic x-ray photon or an Auger electron generated 
from a high energy electron beam in SEM39. 
                                                          
4 Reprinted from Materials Characterization, Chapter 6, Leng. Y., X-ray Spectroscopy for Elemental 
Analysis, Pages No. 191-219, Copyright 2013, with permission from John Wiley and Sons 
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2.2 Aqueous Copper(II), Iron(II) and Iron(III) Quantification 
Determination of the aqueous copper concentration for application in in-situ monitoring 
was investigated using Anodic Stripping Voltammetry (ASV) with normal pulse 
technique, and Chronoamperometry (CA). Determination of aqueous iron(II) and 
iron(III) concentrations for application in in-situ monitoring was investigated using 
steady state polarisation (SSP) and CA. Analyte solutions used in electrochemical studies 
were prepared from standard solutions composed of copper sulphate pentahydrate, 
iron(II) sulphate heptahydrate or iron(III) sulphate hydrate in either 9K medium ~pH 1.8 
or a pH 2 sulfuric acid solution. The concentrations of these solutions used in the 
different electrochemical studies are outlined in table 2.2. The purity and source of the 
solutes and solvents used in the electrochemical studies are reported in table 2.3, and 
the concentration of solutes and solvents, their purity and source, used to compose 9K 
are listed in the table 2.4. 
 
 
 
 
 
 
 
 
61 | P a g e  
 
Table 2.2: Concentrations of standard solutions used in electrochemical studies of the 
determination of aqueous copper(II), iron(II) and iron(III) concentration. 
Study & Technique Concentration 
of copper(II) 
Concentration 
of iron(II)  
Concentration 
of iron(III)  
Copper 
Determination 
using CV and ASV 
with normal 
pulse 
Deposition 
potential 
Effect of iron 
254.6mg/L in 
9K 
800mg/L in 
9K 
776mg/L in 
9K 
Copper 
Calibration 
2000mg/L in 
9K 
2000mg/L in 
9K 
2000mg/L in 
9K 
Copper Determination using CA 10000mg/L in 
H2SO4 
10000mg/L in 
H2SO4 
10000mg/L in 
H2SO4 
Iron Determination using steady 
state polarisation 
254.6mg/L in 
9K 
800mg/L in 
9K 
776mg/L in 
9K 
Table 2.3: Solute and solvents used in electrochemical studies of aqueous copper and iron 
determination, their purity and their source. 
Solute/solvent Purity Source 
Milli-Q Water   
Sulphuric acid 95-98% 
98% 
ChemSupply 
Merck KGaA 
Copper(II) sulphate pentahydrate 99.5%  Sigma-Aldrich 
Iron(II) sulphate heptahydrate 99+% Sigma 
Iron(III) sulphate hydrate 97% Sigma 
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Table 2.4: Solute within 9K media, their concentration, purity and source. 
Solute/solvent Purity Source Concentration in 9K 
Ammonium sulphate ≥99.5% AnalaR 
Merck 
3g/L 
Di-potassium hydrogen phosphate 98% BDH 
Merck 
0.5g/L 
Magnesium sulphate heptahydrate ≥98% Chem Supply 
Merck 
0.5g/L 
Potassium Chloride ≥99% Chem Supply 
Sigma 
0.1g/L 
Calcium nitrate tetrahydrate ≥99% Merck 
BDH 
0.144g/L 
 
2.2.1 Aqueous Copper(II) Determination by Anodic Stripping 
Voltammetry 
ASV studies were conducted on a BioLogic VMP-3/Z multi potentiostat from BioLogic 
Science Instruments with a three electrode system containing a working electrode, 
platinum wire counter electrode and Ag/AgCl 3M NaCl reference electrode. Before use 
the working electrode was polished using alumina powder, and thoroughly rinsed with 
de-ionised (DI) water. CV was used to investigate the most suitable working electrode 
material and peak positions of the analytes. Scans were performed in the cathodic 
direction from +1.0V to -0.4V, and then returning to +1.0V on glassy carbon OD: 6mm 
and ID: 3mm, and platinum OD: 12mm and ID: 3mm. The copper calibration and the 
effect of iron was obtained from ASV ran with a normal pulse technique by applying an 
initial potential of -0.4V for five minutes, followed by potential scanning from -0.4V to 
+0.5V with a step height of 10mV, step width of 25ms and step time of 100ms. After 
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each cycle the electrode was electrochemically cleaned for 60 sec by holding the 
potential at +1.0V, followed by a three minute delay before the next cycle.  
2.2.2 Aqueous Iron(II) & Iron(III) Determination by Steady State 
Polarisation 
Steady state polarisation was performed on a BioLogic VMP-3/Z multi potentiostat from 
BioLogic Science Instruments coupled with a RRDE-3A rotating disk electrode apparatus. 
A three electrode system containing a RDE platinum electrode OD: 12mm and ID: 3mm, 
platinum wire counter electrode and Ag/AgCl 3M NaCl reference electrode was used. 
Before use and between cycles, the working electrode was polished using alumina 
powder and thoroughly rinsed with deionised (DI) water. Hydrodynamic voltammetry 
curves for the calibration plots of iron(II) and iron(III) were obtained from the average 
current values minus the background produced at +1.20V, and -0.28V, respectively, 
during the first 3 cycles of steady state polarisation scanning from +1.25V to -0.34V at a 
scan rate of 10mVs-1 and a rotation rate of 2200rpm. The cycles required to reach 
steady state were examined from hydrodynamic voltammetry curves scanning from 
+1.25V to +0.5V at a scan rate of 10mVs-1 and a rotation rate of 2200rpm.  
Hydrodynamic voltammetry curves for the effect of copper on iron(II) measurements 
and the reproducibility study were obtained scanning from +1.25V to +0.5V at a scan 
rate of 10mVs-1 and a rotation rate of 2200rpm.  
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2.2.3 Aqueous Copper(II), Iron(II) & Iron(III) Determination by 
Chronoamperometry 
Chronoamperometry was performed on a CHI 901A potentiostat, from CH Instruments 
Inc., with a three electrode system containing a rod shaped boron-doped diamond 
(BDD) working electrode (18.9mm2 area, 800ppm doping level, microcrystalline from 
Neocoat SA), platinum sheet counter electrode and Ag/AgCl 1M KCl reference 
electrode. The BDD electrode was washed with milli-Q water between measurements 
and before and after the electrochemical cleaning procedures. Pre-
conditioning/cleaning of the electrodes was performed in pH2 H2SO4 solution at a scan 
rate of 300mVs-1, by cycling between potentials +2.0V and -1.0V, initiating at 0V, for 15 
cycles. After cleaning and washing, a number of different experiments were conducted 
to assess the effect of different parameters on copper and iron quantification. These are 
summarised in tables 9 and 10. Cleaning of the electrode was performed between each 
measurement. 
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Table 2.5: Experimental conditions used in copper determination studies on BDD 
electrode. All potentials reported are vs. Ag/AgCl 1M KCl. 
Study and Technique Potential Applied Concentration 
of Copper 
Other media 
conditions 
Peak Potential – Cyclic 
Voltammetry 
Initiated at 0V in 
anodic direction 
scanning 
between +2.0V 
and -1.0V at 
50mVs-1 
635.46mg/L or 
1.00 x 10-2 M 
• 58.64mg/L or 
1.05 x 10-3 M 
Iron (II) 
• 406.55mg/L or 
7.28 x 10-3 M 
Iron(III) 
• pH 2 
Deposition and Stripping 
Duration – 
Chronoamperometry 
-500mV for 
50ms, 100ms, 
1s, 3s and 5s 
0.01 - 100mM • pH 2 
+200mV for 1s, 
3s, 10s and 50s 
Effect of Iron – 
Chronoamperometry 
-500mV for 5 s 
+200mV for 50s 
0.01 - 100mM • 10.5mM iron(II) 
• 7.28mM iron(III) 
• pH 2 
• 0.07mM, 
0.73mM, 
2.15mM, 
5.09mM, and 
7.28mM iron(II) 
• pH 2 
Effect of pH – 
Chronoamperometry 
-500mV for 5 s 
 
1mM 
100mM 
• pH 1.4 – 2.8 
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Table 2.6: Experimental conditions used in iron(II) and iron(III) determination studies 
on BDD electrode. All potentials reported are vs. Ag/AgCl 1M KCl. 
Study and Technique Potential Applied Concentration of 
Iron 
Other media 
conditions 
Peak Potential – Cyclic 
Voltammetry 
Initiated at 0V in 
anodic direction 
scanning  
between +2.0V 
and -1.0V at 
50mVs-1 
• 58.64mg/L or 
1.05 x 10-3 M 
Iron (II) 
• 406.55mg/L 
or 7.28 x 10-3 
M Iron(III) 
 
• 635.46mg/L 
or 1.00 x 10-2 
M 
• pH 2 
Measuring potential – 
Chronoamperometry 
-50mV, 0mV, 
50mV, 100mV 
and 150mV for  
• 10µM – 
105mM Iron 
(II) 
• 7µM – 73mM 
Iron (III) 
 
• H2SO4  pH 2 
850mV, 900mV, 
950mV, 
1000mV, 
1050mV for  
Effect of Reduction and 
Oxidation duration – 
Chronoamperometry 
100mV for 50 
ms, 1s, 3s, 10s 
and 50s 
 
• 10µM – 
105mM Iron 
(II) 
• 7µM – 73mM 
Iron (III) 
 
• H2SO4 pH 2 
 
1050mV for 50 
ms, 1s, 3s, 10s 
and 50s 
 
Effect of Copper – 
Chronoamperometry 
100mV for 10s 
1050mV for 10s 
• 10µM – 
105mM Iron 
(II) 
 
• 10mM 
Copper(II) 
• 10mM 
Iron(II) 
• H2SO4 pH 2.0 
• 7µM – 73mM 
Iron (III) 
• 10mM 
Copper(II) 
• 10mM 
Iron(III) 
• H2SO4 pH 2.0 
Effect of pH – 
Chronoamperometry 
100mV for 10s 
1050mV for 10s 
• 10µM – 
105mM Iron 
(II) 
• 7µM – 73mM 
Iron (III) 
• H2SO4 pH 1.3 
– 2.8 
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2.3 Chemical Leaching of Patterned Copper Sulphide Thin Films  
The effect of pH and redox potential on copper dissolution efficiency from patterned 
Cu1.85S thin films prepared using the methods outlined in section 2.1.1 were investigated 
by batch leaching in different acidic iron sulphate leaching medias in glass beakers 
sealed with parafilm. Each beaker contained 200mL of leaching solution per sample with 
a total iron sulphate concentration of 1g/L. The source and purity of the solutes and 
solvents used, and the average initial conditions of the acidic iron sulphate solutions 
used in these studies are listed in tables 2.3 and 2.8, respectively. The pH and redox 
potential of the solutions were measured on a SevenMulti pH meter (Mettler Toledo) 
equipped with an InLab Expert pH electrode and InLab Redox Pro electrode. 
To study the pH effect, leaching solutions containing 1g/L total iron sulphate of 1:1 
iron(II) sulphate and iron(III) sulphate were prepared in milli-Q water and the pH 
adjusted by adding diluted sulphuric acid. To study the redox potential effect, leaching 
solutions containing 1g/L total iron sulphate, with different ratios of iron(II) sulphate 
and iron(III) sulphate (1:0, 3:1, 2:1, 1:1, 1:2, 1:3, 0:1) were prepared in milli-Q water and 
the pH adjusted to ~1 by adding diluted sulphuric acid. Films were leached for a period 
of 24 hours, where after they were rinsed with milli-Q water and air dried before further 
analyses by 3D Optical Microscopy and SEM-EDX. 
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Table 2.7: Initial leaching media conditions used in chemical leaching studies of Cu1.85S thin 
films. The variance presented is equal to one standard deviation.  
Concentration 
of Iron 
Ratio of Iron(II) 
Sulphate to Iron(III) 
Sulphate 
Average 
Initial pH 
Average Initial Redox 
Potential (mV vs. 
Ag/AgCl 1M KCl ) 
100mg/L 
Iron(II) 
140mg/L 
Iron(III) 
1:1 0.975 ± 0.044 460.60 ± 0.73 
1.951 ± 0.000 472.20 ± 0.00 
2.995 ± 0.011 438.35 ± 1.34 
200mg/L 
Iron(II) 
0mg/L Iron(III) 
1:0 1.004 ± 0.003 347.3 ± 9.40 
150mg/L 
Iron(II) 
70mg/L Iron(III) 
3:1 0.991 ± 0.00 429.8 ± 0.00 
134mg/L 
Iron(II) 
93mg/L Iron(III) 
2:1 1.012 ± 0.005 443.9 ± 4.90 
100mg/L 
Iron(II) 
140mg/L 
Iron(III) 
1:1 0.975 ± 0.044 460.6 ± 0.73 
67mg/L Iron(II) 
186mg/L 
Iron(III) 
1:2 1.054 ± 0.006 476.3 ± 0.17 
50mg/L Iron(II) 
210mg/L 
1:3 1.006 ± 0.016 485.1 ± 1.25 
0mg/L 
280mg/L 
Iron(III) 
0:1 1.023 ± 0.054 630.3 ± 2.37 
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2.3.1 Surface Quantification of Leached Copper Sulphide Thin Films by 
3D Optical Microscopy 
Thin film surface topography of the same sections was imaged ex-situ before and after 
treatment in the leaching media using the 3D optical microscope outlined in section 
2.1.2. From these images step height, peak height and surface roughness measurements 
were extracted for each section of the thin film, and the average percentage 
decrease/increase determined. 
2.3.2 Surface Quantification and Composition of Leached Copper 
Sulphide Thin Films by SEM-EDS 
Particle morphology of the thin films was examined ex-situ before and after treatment 
in the leaching media using the SEM-EDS parameters outlined in section 2.1.2 and 2.1.3. 
Images were collected of the same sections analysed by WLIP. Multiple X-ray spectra 
were collected from random points in each section, and included particles with differing 
morphology where present. The average percentage elemental composition was 
determined from the ratio of copper to sulphur in multiple spectra. 
2.3.3 Surface Quantification of Leached Copper Sulphide Thin Films by 
Open Circuit Potential 
Copper sulphide thin films were prepared as outlined in section 2.1.1, with the 
exception of UV irradiation with the mask. Open Circuit Potential measurements were 
collected using a three-electrode electrochemical cell employing a non-patterned (i.e.: 
full) Cu1.85S film as the working electrode, platinum counter electrode, and Ag/AgCl 3M 
NaCl reference electrode. Open circuit potential measurements were collected for 
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iron(II) to iron(III) ratios 1:0, 1:1, and 0:1 in 9K at ~pH = 1.8 on a BioLogic VMP-3/Z multi 
potentiostat from BioLogic Science Instruments. The different acidic iron sulphate 
media conditions used in electrochemical analysis of the Cu1.85S film including the 
concentrations of each ion, the pH and redox potential applied to the different samples 
is reported in table 2.8. 
Table 2.8: Initial conditions of leaching media used in open circuit potential analysis of 
copper sulphide thin films. 
Concentration of 
Iron 
Ratio of Iron(II) Sulphate 
to Iron(III) Sulphate 
Average 
Initial pH 
Average Initial Redox 
Potential (mV vs. ) 
200mg/L Iron(II) 
0mg/L Iron(III) 
1:0 1.062 356.7 
100mg/L Iron(II) 
140mg/L Iron(III) 
1:1 1.066 463.5 
0mg/L 
280mg/L Iron(III) 
0:1 1.033 671.3 
2.4 Biofilm Studies of Copper Sulphide Minerals 
2.4.1 Bacterial Culturing & Inoculum Preparation 
The bacterial species used in these studies is Acidithiobacilllus ferrooxidans isolated 
from an immediate leach solution at the Whim Creek Copper Project at Pilbara, Western 
Australia. The bacteria were cultured in shake flakes containing either 4g of Iron(II) 
sulphate, 1g of chalcopyrite mineral or 1g of pyrite mineral (purity and source listed in 
table 2.3 in section 2.2, tables 2.9 and 2.10 in section 2.4.3) in 100mL of sterilised 9K 
media at ~pH 1.8. The pH was adjusted with sulphuric acid (purity and source listed in 
table 2.4 in section 2.2). A.f cells grown on iron(II) sulphate heptahydrate substrate 
were subcultured into fresh medium every 7-10 days, whereas, A.f cells grown on 
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mineral substrate were sub cultured into fresh medium every 10-14 days. Subcultures of 
the bacterium were prepared by placing a 20mL inoculum from the original culture into 
an autoclaved 200/250mL Erlenmeyer flask containing 100mL of 9K medium ~pH 1.8, 
and either 4g iron(II) sulphate heptahydrate, 1g of chalcopyrite mineral, or 1g of pyrite 
mineral. 
Inoculums of A.f for bioleaching studies were prepared by separating the bacterial cells 
from the growth medium by centrifugation @10,000rpm for 20mins. The resulting 
pellet of A.f cells were washed free of iron precipitates by resuspending in 1mL of 9K 
medium ~pH1.8 and centrifugation for 10 mins @ 10,000rpm, thrice. The final pellet of 
A.f cells was resuspended in fresh 9K medium ~pH 1.8.  
The density of A.f cells per mL was calculated before inoculation into the experiment 
using a Helber counting chamber, Hawksley UK. The counting chamber was washed first 
with ethanol and then milli-Q water before 10µL of microbial inoculum was placed 
within the engraved circle on the chamber and covered with a coverslip. The slide was 
examined under an Olympus BX50 optical microscope at 50X magnification. The number 
of cells within 10 small squares was counted and the total ‘Y’ counts inserted into 
equation 17 to determine the cell density per mL of the inoculum. Bioleaching studies 
were conducted with a minimum bacterial density of 1.0 x 108 cells per mL. 
                                                                           (17) 
2.4.2 Biofilm Development on Copper Sulphide Thin Films 
Copper sulphide thin films were prepared as outlined in section 2.1.1, with the 
exception of UV irradiation with the mask. The A.f inoculum was prepared using the 
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procedures reported in section 2.4.1 and added to make a total volume of 10mL. The 
films were incubated within the bioleaching media for 24 hours and imaged on an 
Olympus BX50 optical microscope.  
2.4.3 Synthesis of Mineral/Copper Sulphide Particles Samples 
Mineral particle samples containing either copper(I) sulphide, chalcopyrite or pyrite 
were prepared by immobilising particles in resin and then cutting and polishing the 
samples into ~1mm thick discs. The purity and source of the solutes and solvents used in 
producing mineral samples are reported in table 13. A ratio of 70:30 mineral to resin 
was used. The resin consisted of a ratio of 2.5:1 SpeciFix Resin (Struers) to SpeciFix-40 
Curing Agent (Struers) and was placed under vacuum for 10 minutes prior to mixing 
with the mineral/copper sulphide particles. Thereafter, the resin was mixed thoroughly 
with the mineral/copper sulphide particles and placed into a sample holder and kept 
under 1400psi for at least 12 hours before it was cured in the oven at 60°C for at least 
12 hours. After curing the pellets were removed from the moulds and cut to a thickness 
of ~1mm using a Buehler IsoMet 5000 Linear precision saw with a Buehler IsoMet 
wafering blade (178mmx0.6mm) with a 12.7mm arbour size. The ~1mm thick discs were 
then roughly polished on one side with Buehler P2400 grit paper, before further 
polishing using either the Kemet Mecatech 234 polisher with a Kemet Presi TCI 10 
rotating head, and Kemet Distritech5 solvent dispenser or Struers TegraPol-II with a 
Struers TegraForce-I rotating head. The discs were sequentially polished using Kemet 
diamond compound or Struers diamond paste of 6, 3 and 1µm with a 250mm Kemet 
polishing pad for 5 minutes firstly with opposite rotation, and then synchronised 
rotation. The rotating disc speed was 300rpm, whilst the rotating head speed was 
150rpm. The head applied a pressure of 10N to the sample whilst polishing. Discs were 
ultra-sonicated in ethanol for ~10 min between different size diamond compounds, and 
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after the final polish with 1 µm diamond paste. Before insertion into the chemical or 
bioleaching media samples were rinsed with dilute sulphuric acid and then milli-Q 
water.   
Table 2.9: Solutes and solvents, their concentration, purity and source used to prepare 
mineral samples. 
Solute/solvent Concentration/ 
Purity 
Source 
Bisphenol-A-(epiclorhydrin) 
Bisphenol-F-glycidyl ether  
1,6-Hexandiol-diglycidylether  
3-Trimethoxysilylpropane-1 –thiol  
30-60% 
10-30% 
10-30% 
0.1-1% 
Struers 
3-Aminomethyl-3,5,5-
trimethylcyclohexylamine  
Benzyl alcohol 
30-60% 
 
30-60% 
Struers 
Copper(I) sulphide ~325 mesh N/A Aldrich 
*Chalcopyrite mineral   See table 14 Mt Lyell Copper Mine Tasmania, Australia 1982 
*Pyrite Mineral See table 14 
Ward’s Natural Science 
Establishment  
North Dakota, USA 
*Chemical analysis of the composition of chalcopyrite and pyrite minerals used in this 
thesis are shown in table 1440. 
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Table 2.10: Chemical analysis of minerals. 
Element Chalcopyrite Pyrite 
Copper % 33.7 0.18 
Iron % 30.8 45.0 
Sulphur % 34.2 51.0 
Silicon % ND ND 
Calcium % <0.01 0.05 
Zinc % <0.01 0.20 
Lead % <0.10 0.47 
Others % 1.3 3.1 
2.4.4 Biofilm Studies Using Fixation by Scanning Electron Microscopy  
The effect of the buffer type on biofilm fixation was performed using the same primary 
chemicals within three different buffering systems. The chemicals and buffers used in 
these studies are listed in table 2.11. Stock solutions of 2% glutaldehyde and 1% osmium 
tetroxide in 0.1M PBS, 0.1M sodium cacodylate and 0.1M HEPES were prepared, as well 
as 70%, 90% and 100% ethanol. To fix the biofilm formed on copper(I) sulphide particles 
and chalcopyrite particles, the samples were removed from the bioleaching media and 
rinsed with the either 0.1M PBS, 0.1M sodium cacodylate or 0.1M HEPES. Samples were 
then immersed in a solution of the same buffer containing 2% glutaldehyde and 
incubated at 4°C for ~30mins. Then, samples were washed in the buffer for 2 x 5 
minutes, with fresh buffer being exchanged between each wash. After, the samples 
were treated in a solution of 1% osmium tetroxide in the same buffer for 2 hours before 
being rinsed with buffer, followed by milli-Q water briefly. The samples were then 
sequentially immersed in a series of increasing graduated ethanol solutions, 70%, 90%, 
100%. Each solution was applied twice for 5-10 minutes, with fresh ethanol exchanged 
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between treatments. The samples were not allowed to dry out between exchanging 
fluids. After ethanol treatment the samples were immersed in HMDS for 2 x 10 minutes, 
with fresh HMDS exchanged between treatments. After, the second HMDS treatment 
the solution was removed and the remnant HMDS allowed to evaporate in the fume 
hood. The samples were kept dry and in a desiccator until coated with carbon for SEM 
analysis. SEM analysis was conducted on a FEI Quanta 400F with Bruker Xflash 5010 
using a 10mm2 silicon drift detector with 125eV resolution.  
Table 2.11: Chemical and buffers used in biofilm fixation studies, their purity and their 
source. 
Solute/solvent Purity Source 
Glutaldehyde 50% Sigma-Aldrich 
Osmium Tetroxide 4% ProSciTech 
Ethanol 100% ChemSupply 
Hexamethyldisilazane ≥99% Sigma-Aldrich 
Phosphate Buffer 10M Life Technologies 
Sodium Cacodylate Buffer   Sigma-Aldrich 
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 1M Sigma-Aldrich 
2.4.5 Biofilm Studies Using Fluorescent Staining by Confocal Laser 
Scanning Microscopy 
The spatial distribution and concentration of different extracellular polymeric 
substances within the biofilm were examined with three fluorescent stains and CLSM. 
Tetramethylrhodamine Canavalia ensiformis lectin (TRITC-ConA) selectively binds to α-
mannopyranosyl and α-glucopyranosyl residues and was used to examine the 
hydrophilic exopolysaccharide content of the EPS41. Acridine orange absorbs to DNA, 
humic substances, acidic polysaccharides, glucoaminoglycans, galactoaminoglycans, 
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liposomes and phospholipids42. The excitation and emission wavelengths used allowed 
for the analysis of all of these components within the EPS. Nile red stains hydrophobic 
domains and was used to investigate the lipid content of the EPS41. The components and 
their source of the solutes and solvents used in the fluorescent staining solutions are 
reported in table 2.12, including the maximum excitation and emission wavelengths of 
the fluorescent components.  
The bulk TRITC-ConA was separated in a dark room into stock solutions of 1000µL 
aliquots containing 2g/L of TRITC-ConA in 2mM sodium azide and stored in the freezer 
at ≤-20°C until used in preparation of stock solutions. The chemical composition and 
sample treatment with the fluorescent staining solutions are outlined in table 2.13. The 
excitation and emission spectra of each stain is illustrated in figure 2.4. Fluorescent 
staining of the samples was conducted by immersing the samples sequentially in TRITC-
ConA, followed by Nile red, and then Acridine orange. Samples were washed with 
10mM HEPES before the application of each stain, and after application of the final 
stain. Application of each stain was performed in the dark and incubated at 30°C. This 
was followed by wet mounting of the sample onto a glass slide with a coverslip for CLSM 
analysis. 
Figure 2.4: Excitation and Emission Spectra of fluorescent stains applied to the A.f biofilm 
on copper(I) sulphide particles and chalcopyrite particles. 
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Table 2.12: Chemicals used in fluorescent staining of the biofilm, their purity and their 
source. 
Solute/solvent 
Excitation 
λmax 
Emission  
λmax 
Purity Source 
Rhodamine Canavalia 
ensiformis lectin 555nm 576nm ~100% 
Life 
Technologies 
3,6-Bis(dimethylamino)-
acridine 488nm 530nm 75% Aldrich 
Nile Red (phospholipid) 553nm 636nm ~100% Sigma 
Glacial Acetic Acid   100%  Merck 
Sodium Azide 
  
≥99.5% 
Sigma-
Aldrich 
Table 2.13: Conditions and properties of the fluorescent staining solutions used to analyse 
the A.f biofilm on copper(I) sulphide and chalcopyrite particles. 
Staining solution Components Concentration Application Duration 
Rhodamine Canavalia ensiformis 
lectin 
TRITC-ConA 0.1g/L 
40 minutes 
Acetic acid 5%v/v 
Nile Red (phospholipid) 
Nile Red 10%w/v 
30 minutes 
Ethanol 100%v/v 
Acridine Orange Base Acridine 
Orange 75% 30 minutes 
Ethanol 100%v/v 
Confocal microscopy was performed with a Leica TCS SP2 confocal scanning laser 
microscope with a DM IRE2 inverted microscope using a 63 multi-immersion objective 
lens. Both argon/krypton and helium/neon laser systems were utilized. The laser 
settings used to excite the samples and the emission bandpass filter wavelengths 
detected for each fluorescent stain are shown in table 2.14. Images were collected using 
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8 to 16 line averaging. The software program of the CLSM was used to resolve the 
relative signal intensity of the three groups in depth. Image J software program was 
used to correct for background signal and analyse the percentage coverage to estimate 
the relative distribution and the intensity to estimate the average concentration of the 
exopolysaccharides, nucleic acids and lipids within the EPS of the biofilm. Similar CLSM 
image setting conditions were employed for all samples during data collection. 
Table 2.14: Excitation wavelengths and Emission bandpass filters applied to capture the 
fluorescence of each stain using CLSM.  
Fluorescent Stain Excitation Wavelength Emission Wavelength 
TRITC ConA 543nm 594-677nm 
Nile Red 488nm 642-686nm 
Acridine Orange 488nm 522-579nm 
Confocal laser scanning microscopy consists of a laser light source, optical system, 
scanning devices and a detector. Like other scanning microscopy techniques the optical 
path of the light source, in this case, the laser is focused onto the sample using an 
aperture, the fluorescence emitted by the sample follows the same optical path where 
the beam splitter directs it through another aperture into the photo multiplier detector, 
where the filter system discerns which emitted wavelengths of light contribute to the 
detected signal (Figure 2.5)43. This means that only light from within the focal plane 
reaches the detector and any stray light is excluded43. In addition, only those 
wavelengths of light that are of interest are included in the resultant image. The nature 
of the laser system determines the excitation wavelengths possible; argon lasers emit 
light with wavelengths of 457nm, 488nm and 514nm, whereas, helium/neon green 
lasers emit light at a wavelength of 543nm43. The image is generated pixel by pixel and 
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line by line from the resultant intensity of light detected as the laser scans across the 
plane of the sample.   
 
5Figure 2.5: Microscope optical system within the Confocal Laser Scanning Microscope. 
Depicts the path of light travelling from the source through to the detector43. 
2.5 Leaching Studies on Copper Sulphide & Chalcopyrite 
Particles 
2.5.1 Chemical Leaching of Copper Sulphide & Chalcopyrite Particles 
Copper sulphide and chalcopyrite particle samples were prepared using the methods 
outlined in section 2.4.3. The effect of redox potential on copper dissolution efficiency 
from copper(I) sulphide and chalcopyrite particles was investigated by batch leaching in 
different acidic iron sulphate medias in glass beakers sealed with parafilm. Each beaker 
contained 200mL of leaching solution per sample with a total iron sulphate 
concentration of 1g/L. The source and purity of the solutes and solvents used in these 
                                                          
5 Reprinted from Molecular Imaging: Fundamentals and Applications, Chapter 9, Yang. X. et. Al., 
Other Molecular Imaging Technology, Pages No. 361-387, Copyright 2013, with permission from 
Springer 
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studies was previously reported in table 2.3 of section 2.2. The average initial conditions 
of the acidic iron sulphate solutions used in these studies are listed below in table 2.15. 
The pH and redox potential of the solutions were measured on either, or Orion™ Versa 
Star Benchtop Multi-parameter Meter equipped with 8302BNUMD ROSS Ultra Triode 
glass-body pH/ATC electrode, or Orion 9678BNWP Combination Redox/ORP Electrode, 
as well as Orion Star stirrer probe. 
Table 2.15: Initial leaching media conditions used in chemical leaching studies of copper(I) 
sulphide particles and chalcopyrite particles. 
Concentration 
of Iron 
Ratio of Iron(II) 
Sulphate to 
Iron(III) 
Sulphate 
Type of Sample Average Initial pH 
Average Initial 
Redox Potential 
(mV vs. Ag/AgCl 
1M KCl ) 
200mg/L 
Iron(II) 
0mg/L Iron(III) 
1:0 
Copper(I) 
Sulphide 
Particles 
0.991 ± 
0.002 388.07 ± 3.31 
Chalcopyrite 
Particles 
1.034 ± 
0.002 388.73 ± 0.64 
Chalcopyrite 
Piece 
1.006 ± 
0.006 393.43 ± 1.64 
100mg/L 
Iron(II) 
140mg/L 
Iron(III) 
1:1 
Copper(I) 
Sulphide 
Particles 
1.022 ± 
0.005 473.33 ± 0.058 
Chalcopyrite 
Particles 
1.021 ± 
0.007 473.30 ± 0.00 
Chalcopyrite 
Piece 
1.029 ± 
0.002 475.37 ± 0.51 
0mg/L 
280mg/L 
Iron(III) 
0:1 
Copper(I) 
Sulphide 
Particles 
1.019 ± 
0.005 663.30 ± 0.75 
Chalcopyrite 
Particles 
1.024 ± 
0.002 648.97 ± 0.68 
Chalcopyrite 
Piece 
1.026 ± 
0.004 653.67 ± 0.55 
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2.5.2 Bioleaching of Copper(I) Sulphide & Chalcopyrite Particles  
Copper(I) sulphide particle and chalcopyrite particle discs were incubated at 30°C in 
20mL of A.f containing and non-A.f containing 9K ~pH 1.8 solutions for the duration of 
the experiment, except for when pH, redox potential, and electrochemical 
measurements were being conducted. The A.f inoculum was prepared using the 
procedures reported in section 2.4.1. The initial conditions of the bioleaching studies on 
copper(I) sulphide and chalcopyrite particles are reported in table 2.16.  
Table 2.16: Bioleaching media conditions used in bioleaching studies of CuS particle, 
chalcopyrite particle and chalcopyrite piece pellets. 
Copper Sulphide 
Pellet Sample 
Average 
Initial pH 
Average Initial Redox Potential (mV vs. 
Ag/AgCl 1M KCl) 
CuS Particles 1.841 ± 
0.001 314.20 ± 0.10 
Chalcopyrite Particles 1.889 ± 
0.008 315.40 ± 0.17 Chalcopyrite Piece 
2.5.3 Physical Analysis of Copper(I) Sulphide Particle & Chalcopyrite 
Particle Bioleached Surfaces 
Valley depth, surface area and volume, as well as, surface roughness were examined 
using the same Optical microscope reported in section 2.2.1.  
2.5.4 Electrochemical Determination of Aqueous Copper(II), Iron(II) & 
Iron(III) Concentrations during Bioleaching 
Electrochemical determination of copper and iron concentrations during bioleaching 
were measured using the parameters outlined in table 2.17. Reference and counter 
electrode materials and characteristics, and any preconditioning used in NPASV and 
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chronoamperometry analyses are reported in previous sections 2.2.1 and 2.2.3, 
respectively.   
Table 2.17: Parameters used for the electrochemical determination of aqueous copper and 
iron concentrations during bioleaching 
Electrochemical 
Technique 
Working Electrode 
Material Copper(II)  
Iron(II) & Iron 
(III) 
NPASV Glassy carbon* Section 2.2.1  
Chronoamperometry  
BDD# -500mV for 5 
s 
 
100mV for 10s 
1050mV for 
10s 
*#Dimension characteristics reported in sections 2.2.1* and 2.2.3#. 
2.6 Electrochemical Analysis of A.f Biofilm 
A.f biofilms were cultured on custom made carbon screen printed electrodes (mCSPE) 
modified with ordered mesoporous carbon, reference #: DRP-C1XXOMC (3.4 x 1.0 x 
0.05cm) from DropSens, Spain. The A.f inoculum was prepared according to methods 
outlined in section 2.4.1. Before inoculation mCSPE’s were cleaned by rinsing first in 
ethanol, and then pH 2 H2SO4 solutions. Biofilm growth on the mCSPE was accomplished 
by amperometry using a three-electrode cell employing a mesoporous carbon modified 
screen-printed carbon electrodes as the working electrode (model DRP-CC1XXOMC, 
Dropsens), platinum counter electrode, and Standard Calomel (SCE) reference 
electrode. A potential of 0V was applied utilising a Digi-Ivy DY2100 mini potentiostat. 
The current flowing on the mCSPE within the A.f 9K pH 1.8 solution was recorded every 
100 seconds. Growth of the biofilm on the mCSPE was confirmed by fluorescent staining 
and CLSM using the methods reported in section 2.4.5. After growth of the biofilm cyclic 
voltammetry experiments were conducted using a three-electrode electrochemical cell 
at a scan rate of 1mVs-1, utilising a mesoporous carbon modified screen-printed carbon 
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electrode (mCSPE) as the working electrode and employing a platinum counter 
electrode, and Ag/AgCl sat KCl reference electrode. CV analysis of Blank mCSPE’s were 
performed in fresh 9K solution after pre-conditioning by cycling between +0.9V and -
0.4V vs. Ag/AgCl sat KCl for 20 cycles in 9K at a scan rate of 100mVs-1. 
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Chapter Three 
Characterisation of the Physical & 
Chemical Properties of Patterned 
Cu1.85S Thin Film Leaching 
3.0 Introduction & Aims 
The chemical and physical properties of patterned copper sulphide thin films 
indicate suitability as an ideal model to examine copper leaching processes. 
Despite this, their utilisation as substrates has not been applied in leaching 
studies. The ability to control the spatial distribution of the functional 
component made these substrates an attractive alternative to investigate 
copper dissolution, because of the chemical heterogeneity that exists with the 
thin film and its exposed underlying substrate1. In order to utilise patterned 
copper sulphide thin films to study copper leaching requires reliable, robust and 
reproducible techniques and methods to characterise changes in the thin film 
and aqueous media. 
Many analytical techniques have been used to analyse thin films in other studies, 
each providing different types of information about the thin film1-4. They can be 
divided categorically into spectroscopic, electrochemical or optical methods1, 2, 5. 
Some methods are a combination of these. However, all the techniques involve 
an incident electron, ion or photon beam which interacts with the film surface 
emitting a secondary beam that contains structural and chemical information 
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about that thin film2. Of the spectroscopic methods, Raman spectroscopy, x-ray 
diffraction (XRD), x-ray photoelectron spectroscopy (XPS), spectral reflectometry 
and spectroscopic ellipsometry are commonly used to assess chemical 
composition and structure1, 2, 5, 6. Interferometry and ellipsometry are the optical 
methods often employed in thin film characterization, particularly in film 
thickness and topographic measurements2, 4. Of the electrochemical methods, 
cyclic voltammetry and Scanning electrochemical microscopy (SECM) have been 
used1, 5, 7. A combination of two or more methods is often employed to 
characterize all three main aspects of film characterization, as this is not often 
achievable via a single analytical technique.  
Previous literature reporting on the characterisation of copper sulphide thin 
films synthesised using the same method used optical microscopy, atomic force 
microscopy (AFM), X-ray diffraction (XRD), optical absorption, and DC-SECM1. 
The combination of these techniques validated the synthesis technique. The 
surface morphology was determined from AFM images of the surface particles, 
and the composition of the film from XRD and optical band gap measurements1. 
Of the three main aspects used to characterise thin films, the study did report on 
all, but did not characterise the horizontal surface in a measurable form or show 
the structure of the film in three dimensions. Methods used to characterize thin 
films should possess these ideal properties; be contact-less and non-destructive, 
be objective, reproducible, and fast, and assess at least a statistically significant 
fraction of the wafer8.  The aforementioned techniques have some disadvantage 
in analysis acquisition, whether it is, they are destructive, or the resolution is not 
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sufficient enough to study changes occurring to the film surface at a micro-scale. 
The first section of this chapter outlines the analytical techniques used to 
characterize the three main aspects of film characterization. In addition, the 
electronic properties of the Cu1.85S thin films are described. The analytical 
methods used will be demonstrated to be versatile, objective, contactless, non-
destructive, and offering high spatial resolution (nanometer range) and fast 
measurement speeds9-13. White light interferometry profilometry (WLIP) will be 
demonstrated to simultaneously measure film topography and structure, 
quantified by thickness and roughness measurements; scanning electron 
microscopy (SEM) will be shown to magnify and allow visualization of the surface 
morphology and structure; and energy dispersive x-ray spectroscopy (EDS) 
identified the elemental composition of the film. Knowledge of these features is 
an essential part of their application in the electronics industry, and in this work 
as substrates, in order to evaluate the changes that occur to the film after 
treatments such as, wear, friction, or chemical exposure14.  
Chemical treatments involved in leaching thin films will cause changes to the 
aqueous media conditions that can also be monitored and used to evaluate the 
effectiveness of copper leaching. The changes in pH, redox potential, and 
aqueous copper and iron(II) and iron(III) concentrations during leaching are used 
to understand the mechanistic processes of chemical leaching and bioleaching15-
30. Monitoring of the concentration of both these elements is not only important 
in copper sulphide leaching, but in a range of environmental, biological, human 
and industrial systems31-35. Measurements of copper, iron(II), and iron(III) 
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concentrations in bioleaching studies are typically analysed using indirect 
techniques, such as induced coupled plasma atomic emission spectroscopy (ICP-
AES), atomic absorption spectroscopy (AAS), ultra-violet-visible spectroscopy 
(UV-VIS) and titration15-30. These methods require aliquots to be taken from the 
bulk solution prior to analysis, which is mainly time-consuming, but also 
labouring and non-automated36. Also the quantification of both iron(II) and 
iron(III) requires the use of more than one technique. Thus there is a need for a 
quick, reliable, in-situ sensor to simultaneous determine the concentration of all 
three ions during the leaching process. Despite the fact that electrochemical 
techniques have proven valuable in the determination of copper, iron(II), and 
iron(III) concentrations in a range of environmental, biological, human and 
industrial systems, they have not yet been utilised in bioleaching studies31-35. 
This is perhaps due to the difficulties with chemical interference on the 
measurement of each element, as with increasing concentrations the likelihood 
of some potential overlap exists between copper and iron redox processes. As 
such, the development of an electrochemical sensor for the quantification of 
aqueous copper and iron during leaching was thoroughly investigated. The 
establishment of film and aqueous media characterisation techniques that 
evaluate the physical and chemical properties of the Cu1.85S thin films and 
monitor aqueous media conditions of leaching treatments is important for 
investigating the efficiency of different leaching conditions. The results of those 
studies are discussed in the next chapter. 
The aim of these studies was to establish film and media characterisation 
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techniques that are transferrable methods to evaluate copper leaching. Using 
WLIP and SEM-EDX characterisation of the film thickness, morphology, structure, 
and composition of patterned Cu1.85S thin films is demonstrated. An 
electrochemical quantitation method for aqueous concentrations of copper(II), 
iron(II) and iron(III) was explored for sensor development. Superior selectivity, 
sensitivity and simultaneous measurement will be displayed utilising 
chronoamperometric measurements on a boron-doped diamond (BBD) working 
electrode.  
3.1 Characterisation of Patterned Cu1.85S Thin Films 
The morphological and topographical structure of thin films are evaluated as 
part of their characterisation in industry applications, such as infrastructure, 
mechanics, semiconductors and optics, where the performance and function of 
the apparatus is affected2, 42, 43. Film thickness is one of the key features of thin 
films measured in industry, as properties of the film are usually dependent on 
thickness2. Film thickness has been measured using AFM, quartz crystal 
oscillators, ellipsometry and reflectometry techniques1, 2, 37. Whereas, identifying 
film morphology and structure typically requires some type of microscopy 
producing images. Optical, electron and scanning probe microscopy techniques 
such as the scanning electron microscope (SEM), transmission electron 
microscope (TEM), atomic force microscopy (AFM), scanning tunnelling 
microscope (STM), and spectroscopic techniques, such as x-ray powder 
diffraction (XRD) have been used characterise these features1, 2. All of these 
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techniques in some way or another possess properties that do not meet the 
requirements of an ideal film characterisation technique.  
Interferometry and ellipsometry are the two basic optical methods for 
determining film thickness, and the former also for surface roughness2, 8. In 
particular, WLIP is an established method, used in these types of applications for 
many years4, 8, 37. It is used in a variety of physical science and industry 
applications as a 3D profiling tool, and as a quality control and quality assurance 
measure to characterise thin films on medical devices, automotive parts, and 
kitchen and bathroom faucets and fittings11-13.  Film morphology and topography 
can be visualised in two dimensions as a contour map, or in three dimensions as 
a model profile of the surface. Image analysis of 3D surface topography and step 
height measurements of patterned films reveals not only the shape and 
structure of the film, but the thickness, which can be numerically quantified41.   
3.1.1 White Light Interferometry Profilometry (WLIP) 
WLIP is a powerful 3D surface profile mapping technique from which 
information on profile metrology, surface topography, and thickness 
measurements can be extracted8, 12, 13, 37. The techniques ease of use, 
measurement speed, wide z-axis dynamic range, nanometer resolution, long-
term reproducibility and stability, contactless nature, non-destructiveness and 
objectiveness make it superior in analyses2, 8, 11-13, 37, 45. The instrument couples a 
light illumination source with an interferometric optical system that creates 3D 
images from the interference of two beams of light37. The two beams are split 
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from a single source and then recombined after one is reflected from the sample 
and the other from a reference of known constant path, creating a fringe of dark 
and light bands when the path difference is within a few wavelengths8, 11. The 
fringes are representative of the samples surface contours, which are modelled 
from the differences in the intensity of light with regards to the reference11. 
Despite the significant advantages associated with WLIP, it has not been utilised 
in the characterisation of micro-patterned Cu1.85S thin films until now.  
White light interferometry profilometry (WLIP) is applied to measure the 3D film 
and surface topography, specifically the structure, dimensions, thickness and 
roughness of Cu1.85S thin films due its significant advantages2, 4, 8, 12, 37. The shape 
and structure of the Cu1.85S bands is shown in figure 3.0 a and b, collected using 
WLIP. These images depict the physical structure of the film and its surface, 
based on its physical properties. The Cu1.85S bands show high edge acuity, with 
their shape and size reflecting the dimensions of the photomask used during 
synthesis (70µm band, 50µm gap). This is particularly evidenced in the Y profile 
(figure 3.0c), and is consistent with previous scanning electrochemical 
microscopy (SECM) characterisation of these films synthesised using the same 
method1. Yet the advantage of analysis with this technique compared to SECM, 
is its non-destructive approach and ability to illustrate the film in three 
dimensions. Statistical analysis of the collected image of the Cu1.85S thin film 
allows quantitation of various measurements; of particular importance, the 
surface roughness, and the average step height and average peak height of the 
film can be determined. Step height measurements are recognised as a 
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quantitative measure of film thickness2. The average step height of the copper 
sulphide band was determined to be 147.67nm ± 52.54nm, and the average 
peak height of the film was determined to be 203.56nm ± 25.22nm.  Extensive 
heterogeneity in the surface roughness of the Cu1.85S band is illustrated in the 3D 
images and X and Y profiles (figure 3.0). The X and Y profiles particularly, show 
that a large amount of peaks and valleys exist in the magnitude of a few hundred 
nanometers. Whilst roughness of the film surface was demonstrated in a profile 
extracted from an atomic force microscopy (AFM) contour plot reported 
previously1, only the full extent of the heterogeneity of the film surface is 
revealed in 3D images obtained by WLIP (figure 3.0a and b).  Quantitation of the 
surface topography by the average 3D surface parameter Sa, assesses the 
roughness of the Cu1.85S band as 87.40nm. Due to the nanometer resolution 
capabilities of the WLIP, analysis of the thin film by this instrument is more rich 
in topographical detail about the film surface and structure than data extracted 
from SECM or AFM1. These quantitative measures become important in 
assessing the effect of different chemical leaching or bacterial leaching 
treatments on the Cu1.85S thin film surface (Chapters 4 and 6). Whilst WLIP 
analysis of the patterned Cu1.85S thin films has been demonstrated to provide 
pronounced topographical information about the films, no morphological data 
can be extracted. 
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a) 
 
 
 
b) 
 
 
 
 
        
c) 
 
 
 
 
d) 
Figure 3.0: Analysis of patterned Cu1.85S thin films by WLIP; demonstrating nanometer 
resolution and three dimensional structure of a 156.6µm x 117.3µm area of the film. a) 
and b) 3D images of a single Cu1.85S band at different angles. c) Y Profile of the Cu1.85S band 
deposited onto silicon wafer extracted from a) and b) at x = 38.756µm. d) X Profile of the 
Cu1.85S band deposited onto silicon wafer extracted from a) and b) at y = 62.264µm. 
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3.1.2 Scanning Electron Microscopy (SEM) 
Unlike WLIP, SEM reveals the morphological structure of the Cu1.85S thin films. 
High-resolution, micro-scale images from SEM, depict particle size, density, and 
appearance (figure 3.1). Figure 3.1 shows fine particle growth beneath larger 
clumped particles. This is in agreement with previous analyses by AFM and the 
film synthesis method. The particles of films synthesised by CBD are deposited 
through ion by ion growth followed by colloidal growth3, 38. The morphology of 
Cu1.85S films analysed by AFM were described as dense globular particles1. These 
characteristics are present in the obtained SEM image (figure 3.1). However, the 
clarity of the particles and their morphology is far superior to that of the images 
produced by AFM1. SEM is furthermore practical due to its ability to be coupled 
with the spectroscopic technique energy dispersive x-ray spectroscopy (EDS). 
This allows both the morphology of the film surface and its elemental 
composition to be collected all at once.   
 
 
 
 
 
 
 
Figure 3.1: SEM image of an as synthesised Cu1.85S thin film. Shows fine particle growth 
underlying some dense larger particle clusters. 
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3.1.3 Energy Dispersive X-ray Spectroscopy (EDS) 
Elemental composition of the Cu1.85S thin film was identified using EDX from 
measures of atomic percentage. EDX analysis determined the average 
composition of the film to be Cu1.85S (n=23). This coincides with previous 
elemental analyses conducted using x-ray diffraction (XRD) and optical 
transmission, which also determined a copper to sulphur ratio of 1.85:1, the 
copper sulphide designated as digenite as the main phase of the synthesised 
film1.Whilst XRD is a common technique used to determine elemental 
composition due to the multitude of information it provides about atomic and 
molecular structure, the sample preparation and data analysis is very complex39.  
Despite the fact that EDX can be coupled to SEM, the speed of analysis 
acquisition, and ease of sample preparation and data analysis make it the 
perfect technique to determine the elemental composition of thin films40.  
3.2 Characterisation of Aqueous Media 
Quantification of aqueous copper and iron metal in other industries is commonly 
conducted using electroanalytical methods, such as copper ion selective 
electrode (ISE), Anodic stripping voltammetry (ASV), Steady state polarisation, 
and chronoamperometry (CA)31, 32, 34, 46-48. The potential for application of these 
methods in quantifying concentrations of these metals in bioleaching systems 
was investigated. Parameters such as metal selectivity, sensitivity, electrode 
material, potential, and required measurement duration were examined. 
Currently, there is no one electrochemical technique utilising a single working 
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electrode material that can quantify aqueous copper(II), iron(II), and iron(III). 
This is mainly due to interferences between the two metals, other metals and 
ions contained within the electrolyte media49-51. Therefore, the ability to 
eliminate interference from other redox-active elements on quantification was a 
key criterion. The importance of monitoring changes in copper(II), iron(II) and 
iron(III) concentrations throughout leaching lies within its inherent ability to 
contribute to the understanding of the mechanistic processes occurring.   
3.2.1 Copper Ion Quantification 
Copper ISE, ASV, and CA are well established methods of copper ion 
concentration measurement in a range of environmental, biological, human and 
industrial applications34, 46, 48, 52-54. A range of different electrode materials have 
been used. Being the most common and readily available, glassy carbon (GC) and 
platinum electrodes were tested for suitability as working electrode materials 
for the detection of copper(II), iron(II) and iron(III) ions in 9K. Figure 3.2a and b 
shows the corresponding cyclic voltammograms (CVs) for copper and iron redox 
processes on GC and platinum, respectively. The platinum electrode was 
demonstrated to be an unsuitable material for copper analysis due to hydrogen 
evolution coinciding at a similar potential to copper reduction. However, these 
processes were shown to transpire outside the potential range required for the 
successful reduction and oxidation of copper on the GC electrode.   
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a)  
b)  
Figure 3.2: Effect of working electrode material on the redox potential of copper and iron 
in 9K.  Cyclic voltammograms using a) glassy carbon, and b) platinum working electrode, 
scanning from +1.0V to -0.4V and returning to +1.0V at a scan rate of 50mVs-1 of 9K media, 
1.62mg of copper in 9K media, 0.56mg of iron(II) and 0.78mg of iron(III) in 9K media, and 
1.62mg of copper, 0.56mg of iron(II) and 0.78mg of iron(III) in 9K media. All solutions were 
at a pH of 1.86.  
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The potentials required for the electrochemical quantification of aqueous copper 
in 9K media were determined from oxidation and reduction peaks of cyclic 
voltammograms (CVs) performed on GC. CVs were conducted scanning from 
+1.0V to -0.4V, then returning to +1.0V vs. Ag/AgCl 3M NaCl. Scanning to more 
negative potentials was shown to be prohibited by hydrogen evolution. Figure 
3.2a illustrates that the CV of the 9K media is relatively flat, with no remarkable 
features, meaning there no major redox processes occurring within the 9K media 
alone. Therefore any peaks in CVs of media containing copper or iron ions are a 
result of oxidation and/or reduction reactions involving these elements.  
Figure 3.2a shows that 9K media containing 1.62mg of copper produces two 
peaks. The first peak appears at -0.1V-0.2V scanning in the cathodic direction 
with a broad shoulder beginning at ~0.1V leading into a secondary peak at ~-
0.17V. These features correspond to copper ion reduction, as identified in 
previous studies53, 55, 56. Copper ion reduction is known to proceed via different 
reaction pathways, depending on the presence of complexing-forming ions, such 
as chloride, ammonia and sulphate, which have an effect on copper nucleation 
(equation 18, and equations 19a and 19b, respectively)36, 52-54, 56. The second 
peak appearing at ~0V in the anodic direction is defined as the oxidation of 
metallic copper to cupric ions (equation 20)53, 55, 56. Copper sulphides are 
typically bioleached in acidic ferric iron media. The iron(III) ions are required for 
oxidation of the mineral, and the iron(II) ions as an energy source for the 
bacteria57, 58. Figure 3.2a illustrates that the presence of these iron ions in the 9K 
produces a broad peak at ~0.6V in the anodic direction and a second broad peak 
at ~0.25-0.30V in the cathodic direction. These peaks are designated as the 
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oxidation and reduction of iron according to equations 21 and 22, respectively. 
The reduction of iron is known to occur at a similar potential as the reduction of 
copper ions in some electrolytes, on some working electrode materials59. For this 
reason among others, copper determination is measured from the oxidation 
peak, typically using stripping voltametric techniques46.  At the scan rate used, 
no such overlap between these reduction processes is demonstrated in the 
individual CVs of copper and iron ions in 9K, or in the CV of copper ions in 9K 
containing iron ions (figure 3.2a). However, the intensity of the copper oxidation 
peak is affected, with greater current observed, indicating there may be some 
interference by iron in the measurement of copper ions. This was more 
thoroughly investigated through the stripping technique normal pulse 
voltammetry (NPV). 
Cu    (aq)2+  + 2e- → Cu(s)                                                                                                                            [18] 
Cu    (aq) 2+ + e- → Cu  (aq)+                                                                                                [19a] 
Cu  (aq) + + e- → Cu(s)                                                                                                             [19b] 
Cu(s) → Cu    (aq) 2+ + e-                                                                                                    [20] 
Fe2+(aq) → Fe3+(aq) + e-                                                                                              [21]  
Fe3+(aq) + e- → Fe2+(aq)                                                                                              [22]  
Equations: Copper reduction mechanisms; [18] Cuprous ion reduction to metallic copper, 
[19a] cuprous ion reduction to cupric ion, followed by [19b] reduction to metallic copper. 
Copper oxidation mechanism; [20] metallic copper oxidation to cuprous ion. Iron 
oxidation from ferrous to ferric ion [21], and reduction from ferric to ferrous ion [22]. 
Measurement of the copper ion concentration in 9K media was performed using 
anodic stripping voltammetry (ASV) with a normal pulse technique. Stripping 
voltammetry methods are well-established in the analysis of copper ion 
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concentrations32, 34, 60, 61. The deposition potential and potential range required 
for ASV was established from the peak positions of copper and iron redox 
processes in the CVs. A deposition potential of -0.4V was chosen for the 
reduction of copper ions, as this process occurs at less negative potentials. Also, 
at this potential any effects from hydrogen evolution are eliminated, as this 
potential is greater than where these processes occur. A potential scanning 
range of -0.4V to +0.5V was selected to enable the detection of the copper 
oxidation peak without effects from iron oxidation, which was shown to occur at 
potentials above this. Figure 3.3a shows NPV curves of different amounts of 
copper ions in 9K media. The calibration curve of this data is displayed in Figure 
3.3b. Linear regression analysis revealed two separate linear ranges for copper 
determination; a lower range from 0.03 – 0.50 mg/L of copper ions, and a higher 
range from 0.50 – 8.00 mg/L of copper ions, with coefficients of determination 
equal to 0.993 and 0.999, respectively. The limit of detection (LOD) and limit of 
quantification (LOQ) for copper ion concentration in the lower range are 
0.01mg/L and 0.04mg/L, respectively, and 0.32mg/L and 0.33mg/L in the higher 
range. Despite these results indicating that NPV analysis is a suitable technique 
for copper determination in 9K media, the effect of iron is unknown. As 
previously mentioned, the CV analysis of copper oxidation revealed possible 
interference from iron in the intensity of the current measured. This was tested 
by NPV analysis of 6.35mg of copper ions in the presence of different amounts of 
iron ions. 
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a)                       
b)                         
Figure 3.3: Quantitation of copper using normal pulse anodic stripping voltammetry. a) 
Normal pulse anodic stripping voltammetry curves of different amounts of copper at pH 
1.80 scanning from -0.4V to +0.5V vs. Ag/AgCl 3M NaCl, with a pulse height of 10mV, and 
pulse time of 25ms. Performed after the potential was held at -0.4V for 5 min.  b) Linear 
copper calibration plot obtained from a), based on mean peak area (n=3) with y error 
equal to one standard deviation. Lower and upper 95% confidence intervals are also 
depicted. The lower concentration range is shown in the inset figure. 
Table 3.0: Linear regression analysis of aqueous copper concentration determination using 
NPV. 
Aqueous Copper 
Concentration 
Coefficient of 
Determination 
LOD 
(mg/L) 
LOQ 
(mg/L) 
Lower range (0.03 – 0.50 
mg/L) 
0.993 0.01 0.32 
Higher range (0.50 – 
8.00mg/L) 
0.999 0.04 0.33 
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Figure 3.4 depicts the calibration plot obtained from NPASV curves of 6.35mg of 
copper ions in 9K at pH 1.80 containing different amounts of iron ions. The graph 
demonstrates a very slight, but insignificant negative slope (-0.003) for the 
measurement of the mean peak area (n=3) of copper with increasing amounts of 
iron. This minor deviation is likely due to a slight increase in the current signal at 
lower potentials when there are large amounts of iron in the system. Therefore, 
whilst the presence of iron ions increases the intensity of the copper signal in CV 
analysis, the quantification of copper ions by NPASV analysis is not significantly 
affected.  
 
Figure 3.4: Effect iron on quantitation of copper using NPASV. Plot of the mean peak area 
(n=3), where the y error equals one standard deviation, for 6.35mg copper in 9K media at 
pH 1 containing different amounts of 1:1 iron(II) and iron(III). The linear fitting is also 
shown alongside the lower and upper 95% confidence intervals.  
The concentration of cupric ions in aqueous media can be determined from 
either the oxidation of copper or reduction of cupric ions. As the reduction of 
iron(III) is known to occur at a similar potential as the reduction of copper ions, 
quantification of copper ion concentration is measured from copper oxidation to 
avoid any possible interference from the reduction of iron(III)32, 33. This also 
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means that copper may cause a problem in measuring iron(II) concentrations. 
Unlike copper, where its concentration can be determined from either oxidation 
or reduction currents, iron(II) and iron (III) can only be determined from the 
reduction and oxidation current, respectively, unless the total amount of iron is 
known. There are two problems with this when considering the leaching of the 
different samples. Whilst there will be no iron ions present when leaching 
copper sulphides, there will be iron ions present, and its concentration will be 
changing, during the leaching chalcopyrite. This is a result of the release of iron 
from the mineral during its dissolution. Also, determination of iron(II) from the 
difference between the iron(III) concentration and total iron concentration 
requires oxidation of all the iron(II) to iron (III). The latter, cannot be applied in-
situ, as high iron(III) concentrations are deleterious to leaching, and iron(II) is 
required as a source of energy for bioleaching microbes. Therefore, an 
electrochemical technique that allows quantification of both iron(II) and iron(III) 
is more valid for leaching applications. 
3.2.2 Iron Quantification 
A steady state polarisation technique utilising a rotating disk electrode (RDE) for 
the simultaneous electrochemical detection of iron(II) and iron(III) has been 
reported by Jin et. al35. Quantification of the cations was based on linear 
equations derived from the upper and lower limiting currents developed in 
acidic media35. The experimental procedure utilised platinum as a working 
electrode material. In an attempt to keep the measurement of copper and the 
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iron ions simple and convenient, glassy carbon was tested first as a suitable 
electrode material, as this was used in the determination of copper. However, 
the sensitivity proved far inferior to that of the platinum electrode. A scan rate 
of 10mV/s was used, as the method required a scan rate <20mV/s, and a 
rotation rate of 2,200rpm, as faster rotation rates lower the detection limit62.  A 
scanning range of +1.25V to -0.34V was used to allow for adequate development 
of the upper and lower limiting currents. The previous study presented no data 
about the effect of other ions on the determination of iron(II) and iron(III) using 
this method, but the results suggested it could have valid application in leaching 
studies.  
Due to the numerous ions present within the 9K media, the effect of these on 
the shape of the hydrodynamic voltammetry curve produced from RDE steady 
state polarisation was examined. A redox process was found to occur at ~+0.47V. 
This process must interfere with the electrode surface, as the second cycle 
displayed differences in the shape of the HV curve in the anodic region below 
+0.35V during the returning scan to the starting potential (figure 3.5). The 
beginning of an oxidation process is also exhibited in the cathodic region of the 
9K media at ~-0.27V. It is assumed this process is hydrogen evolution, which is 
known to occur around this potential in acidic media on platinum electrodes63. 
Therefore, scans must be conducted from the positive anodic to the negative 
cathodic region.  
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Figure 3.5 : Hydrodynamic curve of 9K media on platinum electrode. Scanning in the 
cathodic direction from +1.0V to -0.3V and returning to +1.0V at 10mVs-1 and 2200rpm.  
The effect, if any, of the ions within 9K media on the shape of the HV of the iron 
cations was tested by measuring the limiting current of 500mg of iron(II) and 
500mg iron(III) in 9K media. The effect of these cations on the analysis of one 
another was also examined by performing a HV of 500mg of both iron cations in 
9K media.  Figure 3.6 illustrates the HVs of 9K media, and iron(II), iron(III), 
singularly and together in 9K media. The principle of the technique means that in 
the presence of only iron(II) an upper limiting current is detected and the lower 
limiting current is negligible, whereas, when in the presence of only iron(III) the 
upper limiting current is negligible and a lower liming current is detected. 
However, the signal corresponding to the 9K media illustrates a significant 
measure of lower limiting current in the absence of iron(III). The interaction at 
the electrode interface was non-defined, but is assumed to be the result of 
hydrogen evolution. This is a common feature of currents measured at these 
negative potentials in acidic media on a platinum electrode63. Due to the 
presence of this oxidation process, scans must be conducted from positive 
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potentials to negative potentials. In order to view the signal corresponding to 
the amount of iron, the background current of interactions between the 9K 
media and electrode interface have been subtracted from HVs measuring iron. 
Figure 3.6 shows that the 9K media has no effect on the measurement of iron(II) 
and iron(III), as the classical sigmoidal shape, and upper and lower limiting 
currents reflective of the technique are demonstrated in the HVs. The effect of 
each cation on the measurement of one another appears minimal, with a 
marginally lower upper limiting current and lower limiting current compared to 
measurement of the individual cations in 9K media. As it has been determined 
that both iron(II) and iron(III) can be detected in 9K media without any effects 
from its composition, other features of the technique were tested.  
 
 
Figure 3.6: Measurement of iron ions in 9K using steady state polarisation. Hydrodynamic 
curves of 9K media, and 500mg iron(II), 500mg iron(III), and a 1:1 ratio of 500mg of both 
cations in 9K media scanning from +1.25V to -0.34V at 10mVs-1 and 2200rpm. The signals 
for iron shown are minus the background 9K signal. 
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Reaching steady state is a key aspect of this polarisation technique. The 
analytical signal in the reported method was determined from the third cycle, 
where it was deemed steady state was reached35. Therefore, the number of 
cycles required for steady state to be achieved in the 9K media system 
containing iron was explored. Figure 3.7 illustrates the current signal obtained 
for 1000mg iron(II) on repetitive cycles. It is clear that repetitive cycles are not 
required in order for the current to reach steady state, in fact, the potential 
range and magnitude of the steady state current declines, and the mid-point 
potential (E1/2) is moved to higher potentials upon repetitive cycles. This is most 
likely due to adsorption on the working electrode surface, however, it does not 
affect the limiting current. The standard deviation of the steady state current 
signal at +1.20V for the 10 cycles is 12.67µA. A visible difference in the steady 
state current at +1.20V between 1-10 cycles is evinced in the graph and 
magnified in the inset, and this is due to the factors previously stated. However, 
the difference between the steady state current at +1.20V between cycles 1-3 is 
substantially decreased, with a standard deviation equal to 1.89µA. Therefore, 
measurements of the steady state current for iron(II) and iron(III) concentration 
were performed in triplicate with the average value of the first three cycles 
reported. 
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Figure 3.7: Repeatability of the measurement of iron ions using steady state polarisation. 
10 x HV curves of 1000mg iron(II) in 9K media at pH 1.8 scanning from +1.25V to +0.5V at 
10mVs-1 and 2200rpm. Potential range +1.25V - +1.15V is shown in the inset.  
Figure 3.8 depicts the calibration plot obtained from HV curves of iron(II) and 
iron(III) in the presence and absence of one another in 9K. Linear regression 
analysis demonstrates linear fits for both iron(II) and iron(III) in the presence of 
one another and individually from 0mg – 1000mg. The coefficients of 
determination for iron(II) were equal to 0.999both individually, and in the 
presence of iron(III) (Table 3.1).  The coefficients of determination for iron(III) 
were equal to 0.997 individually, and 0.994, in the presence of iron(II) (Table 
3.1). The LOD and LOQ for Iron(II) were, 7.80mg/L and 9.84mg/L, respectively, 
and 2.94mg/L, and 10.68mg/L for iron(III), in the presence of the other ion. The 
extreme linearity of the calibration plot for iron(III) concentration demonstrates 
that the current developed for hydrogen evolution at the same potentials as the 
lower limiting current remains relatively the same despite the differing 
concentration of iron. A somewhat minor effect can be evinced in the magnitude 
of error, which is larger for iron(III) measurement than iron(II). Despite this, 
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hydrogen evolution has no effect on the measurement of aqueous iron(III) 
concentration. The difference between the regression analysis slopes for iron(II) 
in the presence and absence of iron(III) was 0.001, and for iron(III), in the 
presence and absence of iron(II) was 0.011. Also, unlike in figure 3.6, where the 
ULC of iron(II) in the presence of iron (III) was less than its individual 
counterpart, the calibration plot for iron(II) shows that the mean ULC of iron(II) 
in the presence of iron(III) is marginally greater (figure 3.8). Despite this, these 
effects are insignificant, as the current signal for iron(II) in the presence of 
iron(III), and vice versa, falls within the 95% confidence interval across the entire 
concentration range. This demonstrates that the steady state polarisation 
technique is effective in measuring iron(II) and iron(III) in the presence of one 
another in 9K media with great accuracy.  However, when leaching copper 
sulphide and chalcopyrite, copper ions will also be present in increasing 
concentrations. As previously mentioned, the potential values for copper and 
iron(III) reduction are usually similar.  For this reason, the effect, if any, of copper 
on the measurement of the aqueous iron was investigated.   
Table 3.1: Linear regression analysis of aqueous iron concentration determination using 
steady state polarisation. 
Aqueous Iron Concentration Coefficient of 
Determination 
LOD 
(mg/L) 
LOQ 
(mg/L) 
Iron(II) only 0.999 7.50 9.34 
Iron(II) in presence of Iron(III) 0.999 7.80 9.64 
Iron(III) only 0.997 0.14 7.88 
Iron(III) in presence of Iron(II) 0.995 2.94 10.68 
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a)                     
b)                   
Figure 3.8: Calibration plots of the measurement of iron ions using steady state 
polarisation. Linear calibration plots obtained from the mean limiting current at +1.2V, 
and -0.28V, respectively, minus the zero limiting current of hydrodynamic curves collected 
at 10mVs-1 and 2200rpm for; a) iron(II) in 9K media at pH 1.8 with and without iron(III), 
and b) iron(III) in 9K media at pH 1.8 with and without iron(II). The y error is equal to one 
standard deviation. Lower and upper 95% confidence intervals are also depicted.  
The effect of copper on the determination of aqueous iron(II) and iron(III) 
concentrations in 9K media using the steady state polarisation technique is 
demonstrated in figure 3.9. The overlap of the current signal shows that in 
presence of both low and high concentrations of copper there is no effect on the 
upper limiting current measurement of iron(II) ions (figure 3.9a). A complete 
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contrast is evinced in the lower limiting current measurement of iron(III) ions in 
the presence of copper (figure 3.9b). There is a substantial difference in the 
current signal, which decreases with increasing concentration of copper. Linear 
regression analysis revealed there is minimal difference in the slope (<0.01) 
when the copper concentration is small, however, this difference increased in 
magnitude (to ~0.16) when the copper concentration was high. This suggests 
that during the scan, the ability of iron to be reduced at the electrode surface is 
affected by the reduction of copper onto the electrode at these negative 
potentials as copper concentrations increase. This is despite the current 
remaining unaffected by hydrogen evolution, occurring at the same potentials. 
The likely reason for this, is that the reduction of copper involves deposition of 
metallic copper onto the platinum electrode surface. This decreases the active 
platinum surface area able to reduce iron(III) ions. Whereas, hydrogen evolution, 
like the reduction of iron(III) ions, is a diffusion controlled process that does not 
decrease the active platinum surface area. The concentration of copper at which 
the effect on the lower limiting current commences was not investigated, as the 
bioleaching of copper sulphide minerals involves high concentrations of aqueous 
copper, and this has been demonstrated to impair the determination of the 
aqueous iron(III) concentration. 
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a)                      
b)                     
Figure 3.9: Effect of copper concentration on a) iron(II) and b) iron(III) ion determination 
by steady state polarization. Linear calibration plots obtained from the mean limiting 
current at +1.2V, and -0.28V, respectively, minus the zero limiting current of 
hydrodynamic curves collected at 10mVs-1 and 2200rpm. 
This suggests that during the scan, the ability of iron to be reduced at the 
electrode surface is affected by the reduction of copper onto the electrode at 
these negative potentials as copper concentrations increase. This is despite the 
current remaining unaffected by hydrogen evolution, occurring at the same 
potentials. The likely reason for this, is that the reduction of copper ions involves 
deposition of metallic copper onto the platinum electrode surface, which has a 
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larger overpotential for iron(III) reduction than platinum, and therefore results in 
a lower current signal. Whereas, hydrogen evolution, like the reduction of 
iron(III) ions, is a diffusion controlled process that does not decrease the active 
platinum surface area. The concentration of copper at which the effect on the 
lower limiting current commences was not investigated, as the bioleaching of 
copper sulphide minerals involves high concentrations of aqueous copper, and 
this has been demonstrated to impair the determination of the aqueous iron(III) 
concentration. 
There are two major classes of electrochemical sensor; amperometric and 
potentiometric64. The amperometric sensor operates where mass transport is 
limited so that the current produced is linear to the concentration of the 
analyte64. Whilst the  determination of copper, iron(II) and iron(III) 
concentrations as discussed above are variations of amperometry, it requires 
two different techniques and two different electrode materials be incorporated 
into the application of an electrochemical sensor. This would be rather 
pragmatic, not to mention difficult. The other option would be to create two 
separate sensors, one to monitor copper ion concentrations, and the other to 
monitor iron ion concentrations. However, it would be much more practical to 
have a single sensor utilising one technique and one electrode material that 
could measure the concentrations of all these ions.  
Due to the problems with hydrogen evolution overlapping with the reduction of 
copper ions on platinum, and the reduction of iron(II) on glassy carbon, a 
different electrode material where these processes are separated was required. 
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It has been reported that on high quality BDD electrodes there is no water 
decomposition, and thus no hydrogen evolution, between -1.25V and +2.3V vs 
SHE65. Therefore, the detection of copper(II), iron(II) and iron(III) ions using 
boron-doped diamond working electrode was investigated.   
3.2.3 Simultaneous Copper & Iron Quantification 
The oxidation and reduction behaviour of the individual Cu2+, Fe3+ and Fe2+ ions 
on the BDD electrode during CV are shown in Figure 3.10 b-d. CV was conducted 
initiating at 0V vs. Ag/AgCl 1M KCl, in the anodic direction, scanning the 
potential window of -1.0V to +2.0V vs. Ag/AgCl 1M KCl at 50mVs-1. CV of the 
background, H2SO4 solution at pH 2, shows no distinguishable peaks, apart from 
hydrogen evolution, which begins at ~ -500mV (Figure 3.10a). The CV of Cu2+ 
(Figure 3.10a) depicts one cathodic peak, representing the reduction of Cu2+ to 
the metallic state (peak C1) at -550 -600mV, and one anodic peak, representing 
oxidation of metallic copper to Cu2+ at ~250mV (peak A1). The non-appearance 
of the anodic peak in the first cycle is due to the absence of copper on the 
surface. The reduction of copper is shown to commence at -200mV with the 
peak current occurring between -550mV and -600mV.  This overlaps with the 
beginning of the hydrogen evolution reaction. The oxidation of the deposited 
copper is demonstrated between 0 and 500mV, with a peak current at ~250-
270mV. This provides another option for Cu2+ analyses. As discussed previously, 
copper reduction can occur via two reaction pathways in the presence of 
complexing forming ions (equation 18, and equations 19a and 19b, 
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respectively)52, 54, 66. However, unlike on the glassy carbon working electrode, 
where the presence of a shoulder on the cathodic reduction peak indicates that 
reduction of Cu2+ occurred in two consecutive charge-transfer steps through a 
soluble intermediate Cu+, there is no such shoulder distinguishable in the CV of 
copper on BDD electrode. Therefore copper reduction is deemed to occur in a 
one-step electron transfer process with copper(II) ions being reduced directly to 
metallic copper, according to equation 18. This is expected due to the instability 
of Cu+ in acidified sulphate electrolytes, such as the one used.  The copper 
voltammogram in figure 3.10b has similar characteristics to those measured by 
Couto et al. in their copper electrodeposition studies67. Their results revealed 
that the surface termination of the BDD electrode has a strong influence on the 
copper deposition and dissolution processes. Whilst the surface termination was 
not analytically verified, it is expected to be O-terminated, as no strong plasma 
or electrochemical treatments were applied.   
One broad cathodic and one broad anodic peak representing the reduction and 
oxidation reactions of Fe3+ and Fe2+, respectively are clearly evinced in figure 
3.10c. When the media contains iron ions, the oxidation of Fe2+ begins at 
~+600mV and has a peak potential positioned at ~+950mV (figure 3.10c peak 
A2). Upon the returning scan to negative potentials the reduction of Fe3+ begins 
at ~+400mV and has a peak potentials positioned at ~+170mV (figure 3.10c peak 
C2).  The large peak potential separation demonstrates the slow redox kinetics of 
these reactions (i.e. an irreversible or quasi-reversible electron transfer 
reaction).  
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a) b)  
c) d)  
Figure 3.10: Redox reactions of copper and iron in acidic solution on BDD working 
electrode. CV of a) blank, b) 635.46mg/L or 1.00 x 10-2 M Cu2+, c) 58.64mg/L or 1.05 x 10-3 
M Fe2+, and d) 635.46mg/L or 1.00 x 10-2 M Cu2+ and 406.55mg/L or 7.28 x 10-3 M Fe3+ in 
H2SO4 pH 2 solution recorded on BDD electrode using a scan rate of 50mV s-1. 
In the presence of one another, the electrochemical behaviour of Cu2+ and Fe3+ 
in the media changes slightly; the reduction of Fe3+ commences at ~+300mV with 
a peak potential of ~-50mV, (figure 3.10e peak C3) whilst the reduction of Cu2+ 
commences at the same potential, ~-200mV, but the peak potential is shifted 
marginally to more negative potentials, ~-600-650mV (figure 3.10d peak C4). On 
the return scan to positive potentials the oxidation of Cu2+ also occurs over the 
same potential range, 0mV through to +500mV, however, the peak potential is 
also shifted marginally to more negative potentials, +220mV (figure 3.10d peak 
A3). The start of Fe2+ oxidation and its peak potential is shifted to more positive 
potentials, ~+750mV and ~+1250mV, respectively (figure 3.10e peak A4).  
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To be able to measure the concentrations of these ions in the same solution, 
their redox peaks should be well separated from one another and not overlap 
with any other redox processes that may occur in the media. The voltammetry in 
figure 3.10e, where all ions are present, demonstrates adequate separation 
between both copper and iron redox processes. As mentioned previously, the 
peak potential for copper reduction overlaps with the onset of hydrogen 
evolution. The possibility of interference from this on Cu2+ measurements can be 
minimised by the selection of a more positive potential than the peak potential 
for copper reduction.  Therefore, a potential of -500mV was selected for the 
reductive analysis of Cu2+, and +200mV was selected for analysis of Cu oxidation. 
Whilst there is adequate peak separation between copper and iron reductive 
processes at similar concentrations, high concentrations of Fe3+ could have an 
effect. The broad peaks of the iron redox processes provide the opportunity for 
their analyses at multiple potentials. Both of these factors were investigated and 
will be addressed later. 
As described above, a reduction potential of -500mV and an oxidation potential 
of +200mV were selected for the Cu2+ measurements based on the voltammetry. 
Similar to the previous experiments where the working electrode was made of 
glassy carbon, anodic stripping voltammetry was utilised. However, a 
chronoamperometric technique was applied instead of a normal pulse. Apart 
from selecting the potentials to apply, a second important parameter that will 
affect the quantification of Cu2+ is the length of time of which they are applied. 
The time spent at the reduction potential needs to be long enough for 
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deposition to occur even when minute quantities of copper are present, but not 
too long that the deposited copper, when at high concentrations is too difficult 
to remove. In addition, the time spent at the oxidation potential must ensure 
complete removal of the deposited copper from the BDD surface.  
3.2.3a Aqueous Copper Concentration Determination 
The effect of deposition time and oxidation time on the current signal for Cu2+ 
was investigated (figure 3.11).  The scatter plot of current signal for deposition 
times 1 second, and 100 and 50 milliseconds shows increasing non-linearity as 
the concentration of Cu2+ increases. Whereas, the current signal for 5 and 3 
second deposition times is rather linear. Linear regression analysis of the longer 
deposition times reveals a coefficient of determination equal to 0.995 and 0.997, 
respectively (Table 3.2). However, the standard error was slightly greater for a 
deposition time of 3s (Table 3.2).  The same trend is observed in the current 
signal for oxidation periods, the shorter oxidation times, 1 and 3 second shows 
increasing non-linearity as the concentration of Cu2+ increases. Whereas, the 
current signal for 10 and 50 second oxidation times is rather linear. Linear 
regression analysis reveals a coefficient of determination equal to 0.966 and 
0.975, respectively (Table 3.3). The standard error was slightly greater for an 
oxidation time of 50 second (Table 3.3). Based on these results the current of 
Cu2+ for the Cu2+ calibration, including effect of Fe2+ and Fe3+, was measured at 5 
seconds for the reduction potential, and at 10s for the oxidation potential to 
assess which current signal is more useful for quantitation.  
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a)                 
b)                
Figure 3.11: Measurement of copper ions on BDD electrode using chronoamperometry. 
Current densities of  Cu2+ in H2SO4 pH 2 solution according to; a) time spent at the 
reduction potential -500mV vs. Ag/AgCl 1M KCl, and b) time spent at the oxidation 
potential +200mV vs. Ag/AgCl 1M KCl.  
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Table 3.2: Statistical quantities of the linear regression for the current signal of Cu2+ at 
different deposition times. 
Deposition Time R2 Coefficient of Determination Standard Error 
5 s 0.995 Intercept: 0.167 
Slope: 4.169 x 10-3 
3s 0.996 Intercept: 0.169 
Slope: 4.241 x 10-3 
 
Table 3.3: Statistical quantities of the linear regression for the current signal of Cu2+ at 
different oxidation times. 
Oxidation Time R2 Coefficient of Determination Standard Error 
10s 0.966 Intercept: 9.108 x 10-3 
Slope: 2.280 x 10-4 
50s 0.975 Intercept: 1.941 x 10-2 
Slope: 4.858 x 10-4 
 
As described above, the voltametric and chronoamperometric data indicates 
Cu2+ measurement from the current signal at 5 seconds when applying a 
reduction potential of -500mV to the BDD electrode, and at 50 seconds when 
applying an oxidation potential of +200mV minimises both error, and maximises 
linearity across the copper concentration range. Regression analyses of Cu2+ 
measurement at different deposition and oxidation times suggests better 
linearity utilising the current signal from the reductive chronoamperometric 
step. This is confirmed in Fig 3.12, which shows that the calibration curve for 
Cu2+ using reductive current densities is slightly curved in the range of 0.01-
100mM, both in the presence and absence of either iron ion. Whereas, the 
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calibration curves using oxidation current densities shows neither a linear nor 
simple curved relationship. Although there is a large peak separation between 
the oxidation processes of Cu2+ and Fe2+, the presence of 10.5mM Fe2+ still 
effects the current densities and the slope measured for Cu2+, particularly at 
higher Cu2+ concentrations (figure 3.12 and table 3.4). The concentration of Fe2+ 
in the chalcopyrite bioleaching system is not significant, as the bacteria would 
utilise these ions as an energy source for growth. However, in the chemical 
leaching system, it is dependent upon the redox potential. Chemical leaching 
experiments of Cu1.85S thin films assessing the effect of redox potential discussed 
in Chapter 4 revealed that even when the initial Fe2+:Fe3+ is high, the redox 
potential increases during leaching due to the ions oxidation. Therefore, a high 
concentration of Fe2+ is only present initially at the beginning of copper leaching 
at low redox potential conditions, where there is a negligible effect of Fe2+ on 
low concentration Cu2+ measurement.   The aqueous concentration of Fe3+ in the 
chalcopyrite bioleaching system is more significant, and can vary substantially. 
There are a number of competing processes that contribute. Its concentration is 
normally increased due to Fe2+ oxidation by the bacteria for their growth, but 
Fe3+ ions are also consumed by reaction with the mineral, and its precipitation 
depending upon leaching conditions. Despite adequate separation between the 
reduction processes of Cu2+ and Fe3+, the presence of 7.28mM Fe3+ also 
impacted on the current signal for Cu2+ (figure 3.12). However, compared to 
Fe2+, the deviation is considerably larger across the measured concentration 
range of Cu2+, except for when the higher copper concentrations (~30+mM) 
quantified by the reductive current density. As the Fe3+ concentration is known 
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to fluctuate, the effect of different concentrations of Fe3+ on Cu2+ measurement 
was investigated.  
a)                      
b)                       
Figure 3.12: Chronoamperometric measurements of different copper ion concentrations in 
the presence and absence of iron(II) and iron(III) ions on BDD electrode. a) Reductive 
current densities 5s after switching the applied potential to -500mV vs. Ag/AgCl 1M KCl. 
The low concentration range is shown in the inset. b) Oxidative current densities 50s after 
switching the applied potential from -500mV vs. Ag/AgCl 1M KCl to +200mV. The low 
concentration range is shown in the inset. 
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Table 3.4: Statistical quantities of the linear regression for the calibration curve of Cu2+ in 
the presence and absence of iron ions. 
Current  R2 Coefficient of Determination Slope term 
Reduction 5s   
Cu2+ 0.995 -0.172 
Cu2+ & 10.5 mM Fe2+ 0.998 -0.152 
Cu2+ & 7.28mM Fe3+ 0.998 -0.160 
Oxidation 50s   
Cu2+ 0.966 3.42 x 10-3 
Cu2+ & 10.5 mM Fe2+ 0.954 2.77 x 10-3 
Cu2+ & 7.28mM Fe3+ 0.981 4.34 x 10-3 
 
The effect of Fe3+ on Cu2+ measurement was studied by adding 0.07-7.28mM of 
Fe2+ to Cu2+ solutions. A trend of decreasing reductive current with increasing 
Fe3+ concentrations until the Cu2+ concentration is ~10mM is observed. 
Thereafter, the measured reductive current is larger in the presence of Fe3+ than 
without (figure 3.13a).  Deviation in the current density for Cu2+ measurement in 
the presence of Fe2+ and Fe3+, and consequently the slope of the 
chronoamperometric curve is due to changes in the electron transfer kinetics of 
copper electrodeposition. The Fe2+/Fe3+ redox couple is utilised in the electronics 
industry to assist in Cu plating in diffusion hindered locations, although the 
presence of Fe3+ ions is also known to lead to inefficiencies in Cu 
electrowinning68, 69. These inefficiencies may result from slower electron 
exchange on the surface due to the adsorbed Fe2+ and Fe3+ as well as from 
124 | P a g e  
 
interferences arising from the concurrent reduction of Fe3+ to Fe2+ which will add 
to the overall measured current. Despite having a lower coefficient of 
determination for Cu2+ measurement, the effect of Fe3+ on the current transients 
for the oxidation of plated copper were also analysed. The effect of Fe3+ on the 
current signal for measured Cu2+ is much more remarkable during oxidation, 
with greater deviation generally observed with increasing Fe3+ concentrations 
over the same Cu2+ concentration range (figure 3.13b). Furthermore, the inferior 
linearity of Cu2+ measurement utilising the oxidation current compared to the 
reductive current becomes more apparent on this current scale. 
a)                     
b)                         
Figure 3.13: Chronoamperometric measurement of copper ions at different concentrations 
with and without iron(III) at different concentrations on BDD electrode. a) Reductive 
current densities 5s after switching the applied potential to -500mV vs. Ag/AgCl 1M KCl. 
The low concentration range is shown in the inset. b) Oxidative current densities 50s after 
switching the applied potential from -500mV vs. Ag/AgCl 1M KCl to +200mV. The low 
concentration is shown in the inset. 
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Changes in the concentration of aqueous iron in the bioleaching system will 
often involve changes in the proton concentration, thus pH, due to their 
involvement in Fe2+ oxidation and Fe3+ precipitation reactions. Therefore, the 
effect of pH on Cu2+ measurement was also investigated. The reductive current 
density for 1mM and 10mM of Cu2+ in different pH conditions is depicted in 
Figure 3.14a. The results demonstrate that within the pH range of ~ 1.4 and 2.8 
the measured current density for 1mM of Cu2+ does not significantly vary, 
however at a concentration of 10mM, the current density begins to decrease 
with increasing pH above pH ~2.0. This suggests that the slope of the calibration 
for Cu2+ will increase with increasing pH, and this is exactly what was observed 
(figure 3.14b and c). The calibration plots for Cu2+ as a function of pH reveal that 
pH does not drastically effect the reductive density measured for Cu2+ until the 
concentration reaches ~5mM (figure 3.14b). In accordance with figure 3.14a, a 
plot of the value of the slope at each pH for Cu2+ measurement increases with 
increasing pH (figure 3.14c). However, this figure reveals that the pH will not 
affect Cu2+ measurement between 1.6 and 2.0. Below this pH range the Cu2+ 
concentration will be underestimated, and above this pH range, overestimated. 
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a)                         
b)                           
c)                           
Figure 3.14: Effect of pH on the chronoamperometric measurement of aqueous copper. a) 
Reductive current densities of chronoamperometric measurements 5s after switching the 
applied potential to -500mV vs. Ag/AgCl 1M KCl for 1mM and 10mM Cu2+ plotted against 
pH, and b) plotted against Cu2+ concentration. The low concentration range is shown in 
the inset. c) The coefficient of the slopes from b) and the corresponding standard error 
plotted against pH. 
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3.2.3b Aqueous Iron Concentration Determination 
Based on CV analysis, the peak reduction potential of Fe3+ and the peak 
oxidation potential of Fe2+ is different in the presence and absence of Cu2+. 
Initially the media will contain negligible Cu2+, however, the concentration will 
continue to increase throughout the leaching period. This, in addition to the 
broad shape of both the reduction and oxidation peaks, means that the potential 
at which the best quantitation of Fe3+ and Fe2+ occurs required investigation.  
The effect of measuring potential on the current density of Fe3+ and Fe2+, 
respectively, is depicted in figure 3.15. The scatter plot of current signal for 
potentials -50mV, 0mV, 50mV, 100mV, and 150mV shows extremely linear 
slopes, with a slight curvature only apparent for measurement at 150mV (figure 
3.15a). The overall linearity of Fe3+ measurement at the other potentials is 
reflected in the coefficient of determination (R2) value, which is ≥0.990 for the 
potentials below 150mV (table 3.5). The scatter plot of current signal for 
potentials 850mV, 900mV, 950mV, 1000mV, and 1050mV is also rather linear, 
however, curvature of the slope is more prominent, and increases with 
decreasing potential. The current signal for 1000mV and 1050mV potentials 
appears most linear. Linear regression analysis reveals a coefficient of 
determination equal to 0.997 and 0.998, respectively (table 3.5). Based on both 
the CV analysis and effect of potential on the current density measured for Fe2+ 
and Fe3+, 1050mV and 100mV were selected as the potentials for their 
quantification. 
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a)                      
b)                       
Figure 3.15: Chronoamperometric measurement of iron ions at different concentrations 
on BDD electrode. Current densities of a) Fe3+ and  b) Fe2+, respectively in H2SO4 pH 2 
solution at different potentials.  Lower concentrations shown in the inset. 
Table 3.5: Linear regression analysis for the current signal of Fe3+ and Fe2+ at different 
potentials. 
Ion Measured Potential (E vs. Ag/AgCl 1 M KCl) R2 Coefficient of Determination 
Fe3+ 
-50mV 1 
0mV 1 
 50mV 0.997 
 100mV 0.994 
Fe2+ 
1000mV 0.997 
1050mV 0.998 
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The effect of reduction time and oxidation time on the current signal for Fe3+ and 
Fe2+, respectively, was investigated figure 3.16.  The scatter plot of current signal 
for reduction times 50, 10, 3, and 1 seconds, and 50 milliseconds shows slightly 
curved slopes, with the degree of curvature increasing with decreasing reduction 
time. The current signal for 50 and 10 second reduction times appears most 
linear. Linear regression analysis reveals a coefficient of determination equal to 
0.996 and 0.994, respectively (table 3.6). The scatter plot of current signal for 
oxidation times 50, 10, 3, and 1 second, and 50 milliseconds also displays non-
linearity over the concentration range tested. This is particularly evinced for the 
current density measurement of Fe2+ at 50 milliseconds oxidation. Whereas, the 
current signal for 10 and 50s oxidation times is rather linear. Linear regression 
analysis reveals a coefficient of determination equal to 1 for both oxidation 
times (table 3.6). A reduction and oxidation time of 10 seconds was selected to 
conduct the chronoamperometric measurement of Fe2+ and Fe3+ and assess the 
effect of copper. 
Table 3.6: Linear regression analysis for the current signal of Fe3+ and Fe2+ at different 
deposition times. 
Ion Measured Reduction/Oxidation Time R2 Coefficient of Determination 
Fe3+ 
50 s 0.996 
10s 0.994 
Fe2+ 
50 s 1.00 
10s 1.00 
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a)                       
b)                        
Figure 3.16: Effect of reduction/oxidation time on the chronoamperometric measurement 
of iron ions at different concentrations on BDD electrode. Current densities of  Fe3+ and  
Fe2+, respectively in H2SO4 pH 2 solution according to; a) time spent at the reduction 
potential +100mV vs. Ag/AgCl 1M KCl, and b) time spent at the oxidation potential 
+1050mV vs. Ag/AgCl 1M KCl.  
The effect of copper ions and iron ions on the calibration slope of Fe3+ and Fe2+ 
was tested (figure 3.17). Linear regression analyses reveals that neither copper 
ions nor the other iron ion have an effect on the slope term for Fe3+ and Fe2+ 
concentration (Table 29). Therefore there is no interference in the quantification 
of Fe3+ or Fe2+.  
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a)                       
b)                       
Figure 3.17: Effect of copper and other iron ion of the redox couple on the 
chronoamperometric measurement of different concentrations of aqueous iron in H2SO4 
pH 2 solution on BDD electrode. Current densities of a) Fe3+ after 10 seconds at +100mV 
vs. Ag/AgCl 1M KCl and, b) Fe2+ after 10 seconds at +1050mV vs. Ag/AgCl 1M KCl. Lower 
concentrations shown in the inset. 
Table 3.7: Statistical quantities of the linear regression for the calibration curve of Fe3+ and 
Fe2+ in the presence and absence of Cu2+ and the other iron ion. 
Current  R2 Coefficient of Determination Slope term 
Fe3+ 
Fe3+ & 10mM Cu2+ 
Fe3+ & 10mM Fe2+ 
Fe2+ 
Fe2+ & 10mM Cu2+ 
Fe2+ & 10mM Fe3+ 
0.994 
0.995 
0.996 
-0.022 ± 6.171 x 10-4 
-0.022 ± 5.376 x 10-4 
-0.022 ± 4.816 x 10-4 
0.998 
1 
0.999 
0.033 ± 6.285 x 10-4 
0.032 ± 7.516 x 10-5 
0.033 ± 4.739 x 10-4 
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As mentioned previously, changes in the iron ion concentration in the 
bioleaching system are often associated with changes in the pH.  The effect of 
pH on Fe2+ and Fe3+ measurement was also investigated. The reductive current 
density for 10 µm – 100mM Fe2+ and Fe3+ in different pH conditions is depicted in 
Fig 31a. The results demonstrate that within the pH range of ~ 1.3 and 2.8 the 
measured current density for Fe2+ does not significantly vary over this 
concentration range (figure 3.18a – c). However, for Fe3+, pH has a substantial 
impact on the measured current density at higher concentrations. This is 
particularly evinced for concentration values 70 and 100 mM (figure 3.18f), 
where the general trend in current density is a decrease with increasing pH. This 
corresponds with a decrease in aqueous Fe3+ due to its precipitation.   
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a) b)  
c) d)  
e) f)  
Figure 3.18: Effect of pH on the chronoamperometric measurement of aqueous iron(II) 
and iron(III) on BDD electrode. Current density at 10s for different concentrations of Fe2+ 
(a-c), and Fe3+ (d-f) at different pH in H2SO4, measured at +1050mV and +100mV vs. 
Ag/AgCl 1M KCl, respectively. 
3.2.3c Multiple Linear Regression Model 
Chemical sensors have applications in three main industries; industrial, medical 
and environmental70. The ideal sensor possesses the following properties; user-
friendly, robust, selective, with low detection limits and allowing fast analyses48. 
134 | P a g e  
 
Measurements of copper, iron(II), and iron(III) concentrations in bioleaching 
studies are typically analysed using indirect techniques, such as induced coupled 
plasma atomic emission (ICP), atomic absorption spectroscopy (AAS), ultra-
violet-visible spectroscopy (UV-VIS) and titration15, 17, 19-22, 27, 28, 30, 71-77. These 
methods require aliquots to be taken from the bulk solution prior to analysis, 
which is mainly time-consuming, but also labouring and non-automated66. 
Determination of both these elements is not only important in copper sulphide 
bioleaching, but in a range of environmental, biological, human and industrial 
systems31, 32, 34, 35, 61. As such, methods for their quantification have been 
thoroughly investigated. Electrochemical methods are often employed in 
analysis for their simplicity, speed, ease of operation, accuracy and possibility for 
automation and in-situ measurements31, 32, 34, 35, 66. Significantly, they can also 
distinguish between metal valancies35. This is an important characteristic, as the 
acidic ferric sulphate bioleaching of copper sulphides involves changing 
concentrations of both iron(II) and iron (III) (equations 23 and 24). Despite the 
advantages, electrochemical monitoring of the concentrations of metal ions 
involved in bioleaching has not been conducted.  
CuFeS2(aq) + Fe     (aq)3+  → Cu     (aq) 2+ + 2Fe    (aq)2+  + 2S(aq)                                                            [23] 
Fe     (aq)2+ A.f→  Fe     (aq)3+  + e-                                                                                            [24] 
Equations: Bioleaching of chalcopyrite; 23) Oxidative dissolution of the mineral, and 24) 
Ferrous ion oxidation. 
Copper, iron(II), and iron(III) concentrations have been determined with high 
precision in a several different aqueous matrices with a variety of electrode 
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materials using different electrochemical techniques31, 32, 34, 35, 60, 66, 78-83. The 
quantification of these metals and their ions is usually conducted by some type 
of stripping voltammetry31, 32, 34, 60, 80, 82, 83. However, the concentration of iron 
ions can also be analysed using linear and cyclic voltametric techniques35, 66, 78, 79, 
81. The measurement of these ions has been demonstrated on BDD using 
chronoamperometry (sections 3.2.3a and b), and developed into a model for 
their quantitation from their measurement in-situ during the bioleaching of the 
copper sulphide mineral, chalcopyrite. 
A model that quantitates the concentration of copper and iron(III) in bioleaching 
media was generated based on multiple linear regression (MLR) analysis of the 
results from a chalcopyrite bioleaching study using the BDD sensor and ICP-OES. 
In total, 39 observations were incorporated into the MLR models for Cu2+ and 
Fe3+ analyses. Copper concentrations in the bioleaching samples, measured 
using ICP-OES, were between 10 and 1700 mg/L and iron concentrations were 
between 10 and 2920 mg/L. The pH of the samples was not controlled during the 
bioleaching experiments and it varied from 1.43 to 2.57. High coefficients of 
determination were obtained for the MLR models (Figure 32). Standard errors in 
the models for Cu2+ and Fe3+ were 47 mg/L and 83 mg/L, respectively. Possible 
sources of error are: temperature variations during the measurements causing 
errors in electrochemical measurements and ICP-OES analyses. Nevertheless, 
according to the standard errors in the models, the analytical methods are 
suitable for monitoring bioleaching and AMD where the concentrations of both 
metals are relatively high. 
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a)                       
b)                       
Figure 3.19: Comparison of copper and iron concentrations measured with ICP-OES and 
predicted by the MLR models; a) copper concentration, and b) iron concentration. 
For the copper analyses, the interaction term of current density of Cu2+ 
reduction and pH was the most important term in the Cu2+ model for explaining 
the variance (Table 3.8), and the current density of Fe3+ reduction was also a 
statistically significant term. The presence of Fe3+ increases the reduction current 
density because the reduction potentials of Cu2+ and Fe3+ were slightly 
overlapping. Therefore, the coefficient of the reduction current density of Fe3+ in 
the Cu2+ model is positive. For the iron(III) analyses, the reduction current 
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densities of Cu2+ and Fe3+, and interaction term of the reduction current density 
of Fe3+ and pH were statistically important terms of the calibration model (Table 
3.9). 
Table 3.8: Regression statistics, analysis of variance (ANOVA) and coefficients for the MLR 
model for Cu2+ analysis. 
Regression Statistics  
Multiple R 0.9957 
R2 0.9914 
Adjusted R2 0.9909 
Standard error 0.0473 
Observations 39 
 
ANOVA df SS MS F 
Regression 2 9.28E+00 4.64E+00 2.08E+03 
Residual 36 8.04E-02 2.23E-03  
Total 38 9.36E+00   
 
Terms Coefficients Standard Error t-Stat P-value 
Intercept -2.52E-02 1.17E-02 -2.15E+00 3.58E-02 
i Fe3+ (A cm-2, 5s) 1.14E+03 5.54E+01 2.06E+01 1.74E-21 
i Cu2+ (A cm-2, 10s) * pH -2.52E+02 3.93E+00 -6.42E+01 9.92E-39 
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Table 3.9: Regression statistics, ANOVA and coefficients for the MLR model for Fe3+ 
analysis. 
Regression Statistics  
Multiple R 0.9953 
R2 0.9906 
Adjusted R2 0.9898 
Standard error 0.0826 
Observations 39 
 
ANOVA df SS MS F 
Regression 3 2.52E+01 8.39+00 1.23E+03 
Residual 35 2.39E-01 6.82E-03  
Total 38 2.54E+01   
 
Terms Coefficients Standard Error t-Stat P-value 
Intercept -4.65E-02 2.17E-02 -2.14E+00 3.90E-02 
i Fe3+ (A cm-2, 10s) -1.52E+04 1.01E+03 -1.51E+01 6.72E-17 
i Cu2+ (A cm-2, 5s)  -4.55E+02 2.18E+01 -2.09E+01 2.51E-21 
i Fe3+ (A cm-2, 10s) * pH 8.76E+03 7.28E+02 1.20E+01 5.51E-14 
 
According to the standard errors in the MLR models, the developed methods 
developed are not suitable for analysing low metal ion concentrations (<100 
mg/L). However, in bioleaching and AMD environments the concentrations of 
dissolved metal ions are usually high, in the range of 100-10000 mg/L, and 
therefore this limitation is not a significant drawback of this technique for these 
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applications. There are two approaches that could be employed to improve the 
sensitivity of these analytical methods.  The first involves enhancing the mass 
transfer by utilising a rotating disk electrode (RDE).  This has been demonstrated 
in the quantification of nickel using cathodic stripping voltammetry on BDD, 
where the sensitivity was found to be significantly improved when mass transfer 
was enhanced by using a rotating disk electrode (RDE)84. The second involves 
employing different surface pre-treatments to the BDD electrode. Pre-treatment 
is reported to have a significant effect on the electrochemical properties of the 
BDD67, 85-87. Hydrogen-terminated and oxygen-terminated surfaces have 
different electrical conductivities, wetting properties and chemical reactivity’s. 
Termination of the diamond interface can be changed by various procedures 
including electrochemical methods and plasma treatments67, 85. It is possible that 
electrochemical cycling pre-treatment conducted in this research was not 
optimal for the analysis methods and this requires further investigation. 
3.3 Conclusion 
In this chapter analysis of the Cu1.85S films synthesised using the CBD method by 
WLI and SEM-EDX have been shown to agree with previous characterisation of 
these films by AFM, DC-SECM and XRD techniques. The combination of 
techniques used here offer significant qualitative and quantitative measure 
advantages. WLI has been established as a superior analytical technique in 
characterising the surface topography of the Cu1.85S films, with visualisation of 
the film structure in three dimensions with nanometer resolution and 
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quantification by thickness and roughness measurements. Characterisation of 
the surface morphology with greater resolution, and elemental composition of 
the films was achieved simultaneously utilising SEM-EDS. Using these 
characteristics and analytical methods, the Cu1.85S thin films can be assessed as 
an appropriate model to study the leaching of copper-containing minerals by 
comparing their leaching behaviours (Chapter 4 and 6). 
Additionally, a number of electroanalytical techniques were investigated for 
their application in aqueous copper and iron quantification in acidic solutions 
during bioleaching. NPASV on glassy carbon was suitable for copper analyses, 
but not iron, and steady state polarisation on platinum RDE was suitable for iron 
analyses, but not copper.  
Despite this, there were minor interferences from iron on the measurement of 
copper, and more significant interferences from copper on iron measurement, 
due to spectral overlap. Aqueous copper and iron determination was improved 
by utilising chronoamperometry on BDD, as these interferences were 
demonstrated to be minimal, because of the greater peak separation. 
Chronoamperometry on BDD provided a suitable platform and a MLR model was 
demonstrated as a simple and robust method to quantify aqueous copper and 
iron concentrations during the bioleaching of chalcopyrite. The linear range for 
the detection of copper was 0.01 and 1.70 g/L with limits of detection and 
quantification, 0.40 and 1.33mM, respectively. The linear range for the detection 
of iron was 0.01 and 2.92 g/L with limits of detection and quantification, 0.34 
and 1.14mM, respectively for iron(II), and 0.37 and 1.23mM, respectively for 
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iron(III). High coefficients of determination and acceptable standard errors. 
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Chapter Four 
Chemical Leaching of Copper 
Sulphide Thin Films 
4.0 Introduction & Aims 
The importance of understanding the Cu1.85S dissolution process and its kinetics 
lies within the increasing demand for copper due to its many and varied 
applications in multiple fields, and the effect its mining has on the environment. 
The mineral chalcopyrite accounts for approximately 70% of the world’s copper 
resources and copious research has been conducted into understanding the 
mechanisms of dissolution, and the factors that affect the leaching of copper in 
efforts to improve kinetics and yield, and countermeasures for acid mine 
drainage1-7. The application of copper sulphides as a source of copper in 
extractive metallurgy has been utilised for many years.  Understanding the 
conditions that promote Cu1.85S dissolution is important in the understanding of 
chalcopyrite dissolution processes, for which they are intermediary products8.  
During chalcopyrite acid leaching, iron dissolves first to yield a series of sulfide 
and copper-rich sulfide intermediates such as Cu2S, Cu1.96–1.91S, Cu1.86–1.80S, 
Cu1.75S, Cu1.68–1.65S, Cu1.40–1.36S, Cu1.12S, and CuS9-14. Progressive copper 
extraction from chalcocite at redox potentials below 580 mV leads to 
transformations that eventually yield covellite10, 12, 15, 16. An example of such a 
pathway is shown in Equations 24-26, where CuxS (1<x<2) species have been 
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confirmed from oxidation peaks produced by films where there was less 
decrease in the thickness. These results are consistent with massive chalcopyrite 
electrodes throughout the bioleaching process14. 
Cu2S ↔ Cu1.92S + 0.08Cu2+ + 0.16e−                                                                           [24] 
Cu1.92S ↔ Cu1.60 S + 0.32Cu2+ + 0.64e−                                                                              [25]  
Cu1.60S ↔ CuS + 0.60Cu2+ + 1.20 e−                                                                                   [26] 
Hydrometallurgical processes are used to produce more than 20% of the world’s 
copper4. Copper leaching from copper sulfide minerals is commonly conducted 
in acidic ferric sulfate media according to the overall reaction shown in Equation 
4 (chapter 1). Studies analyzing the dissolution of copper sulfides have used 
mineral samples from nature. These ore deposits are usually heterogeneous and 
can consist of a range of gangue materials such as silicates, carbonates, granites, 
and clay. The patterned Cu1.85S thin films deposited onto silica wafer provide a 
homogenous surface from which quantitative analysis of the effectiveness of 
different leaching conditions can be determined through surface evaluation17. 
Other studies monitored aqueous copper and iron concentrations, pH, and redox 
potential as quantitative measures of leaching, using the levels of these to 
explain trends in kinetics and yield18-20. However, with no surface analysis, these 
are based purely on speculation.  
CuxS(s) + xFe3+(aq) → xCu2+(aq) + xFe2+(aq) + S(s)                                                                                                 [27]       
 
In this chapter, the copper dissolution behaviour of Cu1.85S thin films leached in 
acidic ferric sulphate media in comparison to the mineral chalcopyrite is 
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analysed in order to validate the thin films as an appropriate model system. The 
kinetics and copper yield of chalcopyrite leaching are controlled by the leaching 
conditions, with the pH and redox potential reported to strongly influence the 
outcome1, 21-23. Quantitation of surface topography is a key requirement in 
materials science to analyse the effect of surface treatments24. The effect of 
different pH levels and redox potentials on copper dissolution from Cu1.85S films 
is described for the first time by analyzing direct changes to the film thickness, 
particle morphology, and elemental composition. White light interferometric 
profilometry (WLIP) and scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM-EDS) were combined to provide a thorough 
analysis of the film in three dimensions, and of its surface structure, morphology, 
and composition. As a model system, the dissolution of copper from the thin 
copper sulphide films should follow the same trends as dissolution from 
chalcopyrite. 
4.1 Cu1.85S Patterned Thin Films  
The as synthesised patterned Cu1.85S thin films (figure 4.0) were characterised by 
WLIP and SEM-EDS to establish film thickness and roughness, and morphology 
and elemental composition, respectively. In the previous chapter it was shown 
that efficient, non-destructive characterisation of the patterned copper sulphide 
thin films is achieved by combining the applications of WLIP in measuring the 
thickness and roughness, and SEM-EDS in characterising the morphology and 
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composition. This is important for evaluating the effect of different leaching 
conditions on the copper dissolution efficiency of the film.  
 
Figure 4.0: Optical microscope image of Cu1.85S thin film synthesised by chemical bath 
deposition (CBD) at 25X magnification. 
The leaching of copper from Cu1.85S thin films was measured by characterizing 
the physical properties of patterned Cu1.85S thin films before and after treatment 
in acidic ferric sulfate media using WLIP and SEM-EDS. The 3D structure of the 
films was evaluated by WLIP film, where changes in the film thickness from the 
average peak height and/or step height were quantitatively determined. The 
morphology and elemental composition of the films were characterized by SEM-
EDS, which confirmed that changes in the film thickness were due to copper 
dissolution from the film into the surrounding media and the subsequent 
formation of copper sulfide species as a result of leaching. The redox potential 
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and pH were monitored throughout the leaching period to indicate the 
availability of ferric iron, the oxidant involved in the dissolution of copper sulfide. 
Analysis of changes to the film leached in acidic ferric sulfate media at pHs 1, 2, 
and 3, and at pH 1 at redox potentials between ≈350 and ≈630 mV versus 
Ag/AgCl in 3M KCl demonstrates results consistent with both chalcopyrite and 
chalcocite leaching behaviour, thereby substantiating that these techniques and 
sulphide substrates are a valid model for evaluating chemical leaching 
behaviour.  
4.2 Surface Species 
The changes observed in film thickness, particle morphology, and elemental 
composition of copper-to-sulfur ratio of the films leached in different acidic 
ferric sulfate media were consistent with the copper leaching behaviour of 
chalcocite. The patterned copper sulfide films were leached in ≈pH 1 media 
containing a total of 1 g L -1 iron sulfate prepared with different iron(II) sulfate/ 
iron(III) sulfate ratios of 1:0, 1:1, and 0:1. Copper extraction was assessed by 
quantifying the percentage difference in the average peak height and step height 
of five copper bands and the changes in the average percentage chemical 
composition of the films ex situ before and after treatment.  
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Table 4.0: EDS microanalysis of the changes in copper-to-sulphur ratio of the Cu1.85S thin films; 
measured average atomic percent of elements and copper-to-sulphur ratio present of the Cu1.85S 
thin films before and after leaching in media containing different iron(II) sulphate/iron(III) 
sulphate ratios of 1:0, 1:1, and 0:1. 
Test Conditions SiA OA SA CuA Cu:S ratioB 
Fe(II) Only Initial 34.52 ± 1.42 5.62 ± 0.51 21.69 ± 0.62 38.18 ± 0.99 1.80  ± 0.29 
361.4mV Leached 27.97 ± 2.00 13.12 ± 0.77 28.64 ± 0.81 30.27 ± 0.96 1.04 ± 0.12 
Equal 
Fe(II) & 
Fe(III) 
Initial 13.26 ± 0.37 7.64 ± 1.77 27.57 ± 0.52 51.54 ± 1.06 1.87 ± 0.27 
461.5mV Leached 25.00 ± 1.70 5.53 ± 0.15 34.38 ± 0.71 35.09 ± 0.80 1.01 ± 0.07 
Fe(III) 
Only Initial 39.74 ± 1.48 11.58 ± 1.29 17.10 ± 0.41 31.58 ± 0.83 1.84 ± 0.22 
629.8mV Leached 20.81 ± 1.70 30.43 ± 1.70 20.45 ± 1.70 28.30 ± 1.70 1.40 ± 0.52 
AData are shown as average values ± standard deviation (n = 14). 
BData are shown as the average values of the calculated atomic molar ratio of copper to sulphur. 
 
Figure 4.1: Leaching efficiency of Cu1.85S films leached for 24 h in ≈pH 1 media containing 1 g L-
1  iron sulfate prepared with different iron(II) sulfate/ iron(III) sulfate ratios (1:0, 1:1, 0:1). 
Efficiency quantitatively determined by the average percentage peak height and step height 
decrease before and after treatment. The vertical error bars correspond to 1 standard 
deviation.  
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Copper, sulfur, oxygen, and silicon were the only elements detected during the 
EDX analysis. The degree of decrease in the thickness of the films measured by 
the average percentage peak and step height decreases is consistent with 
decreases in the atomic percentage of copper (figure 4.1 and table 4.0). SEM 
images of the film surfaces before and after leaching in each of the three iron 
sulfate media show differences in the density, spread, size, and shape of the 
particles (figure 4.2). 
a)   b)  
 c)  d)  
Figure 4.2: SEM images of the Cu1.85S thin films before and after leaching. (a) Before treatment, 
and after treatment in a (b) 1 g L
-1 total iron sulfate solution made up of 1:1 iron(II) 
sulfate/iron(III) sulfate at ≈pH 1 and initial redox potential of 461.5 mV, (c) 1 g L
-1 total iron(II) 
sulfate solution at ,pH 1 and initial redox potential of 361.4 mV, and (d) 1 g L-1 total iron(III) 
sulfate solution at ≈pH 1 and initial redox potential of 628.9 mV.  
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The as-synthesized Cu1.85S films show a relatively even, dense distribution of fine 
spherical particles beneath clusters of larger spherical particles. Analysis of the 
fine particles by EDS reveals the presence of copper, sulfur, and silicon only. 
Energy dispersive x-ray spectroscopic analysis of the larger spherical particles 
reveals the absence of silicon, and in some cases, the presence of a small 
amount of oxygen. The SEM images of the leached films show a decrease in the 
density of the fine spherical particles and size of the clumps of larger particles, 
corroborating the decreases observed in the average peak and step height of the 
films measured by WLIP. Energy dispersive x-ray spectroscopic analysis of the 
film leached at an initial redox potential of 461.5 mV, where the iron(II) 
sulphate/iron(III) sulphate ratio was equal reveals the presence of the same 
elements before leaching, but with a loss in the average atomic copper 
percentage, leading to a copper-to-sulphur ratio of 1:1, which is the same 
composition observed in copper sulphide mineral covellite. The SEM images of 
the film leached at an initial redox potential of 361.4mV and 628.9mV, where the 
iron(II) sulfate-to-iron(III) sulfate ratio was 1:0 and 0:1, respectively, show 
changes in the shape and composition of the clusters of larger particles (figures 
4.2c and d). The film leached at 361.4mV contains distinct crystal-like phases, 
rich in oxygen, whereas the film leached at 628.9mV show misshaped globular 
particles, also found to be rich in oxygen (figures 4.3b and c). Identification of 
these species was not the focus of this study; however, oxygen has been 
detected previously in both the precipitate and attacked surfaces of chalcopyrite 
leached in acidic ferric sulfate media analyzed by EDS13. The regions of fine 
particle growth exhibit changes in composition similar to those of films leached 
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at 461.5mV, with an average copper-to-sulfur ratio of films leached at 361.4 mV 
of 1:1, representative of covellite, and those leached at 628.9 mV of 1.4:1, 
representative of spionkopite.  
a)                       
b)                      
c)                       
Figure 4.3: EDX spectra captured at 5 keV for 40 seconds of Cu1.85S thin films; a) after treatment 
in a 1 g/L-1 total iron sulphate solution made up of 1:1 iron(II) to iron(III) sulphate at ≈pH 1, b) 
after treatment in a 1 g/L-1 total iron(II) sulphate solution at ≈pH 1, and c) after treatment in a 1 
g/L-1 total iron(III) sulphate solution at ≈pH 1.  
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The changes in the copper-to-sulfur ratio of the Cu1.85S films after leaching are 
consistent with the leaching mechanism and intermediate species formation 
described during the leaching of chalcocite. The EDS analyses indicate that the 
average composition of the Cu1.85S thin films leached in acidic ferric sulfate 
media at an initial redox potential of 361.4mV versus Ag/AgCl in 3M KCl and 
461.5mV is covellite, and that of the film leached at 628.9mV is spionkopite. This 
is in agreement with the expected copper sulfide species suggested by the Eh-pH 
diagram (also known as the potential/pH diagram, or Pourbaix diagram) for Cu–
S–H2O system at these redox potentials12. Copper dissolution from copper-rich 
sulfides proceeds through phase transformations of non-stoichiometric 
intermediates to produce covellite according to equation 2810-12, 28. This reaction 
is fast due to the low energy of activation of copper rich sulfides. The rate of the 
reaction is dependent on the ferric iron concentration/redox potential, and 
limited by the diffusion of ferric iron to the mineral surface10. The formation of 
the copper sulfide intermediate species by phase transformation reactions is 
dependent on the redox potential and controlled by charge transfer at the 
surface between 434 and 634 mV versus Ag/AgCl in 3M KCl12, 29. The evolution of 
different sulfide intermediates can be explained by different variations in metal 
concentration accommodated for by the 3d valence orbital, which mostly 
consists of copper12. Though covellite is the resultant copper sulfide species 
obtained after leaching films at 461.5mV and 361.4mV, the greater decrease in 
film thickness associated with the film leached at 461.5 mV demonstrates that 
copper dissolution is a function of the ferric iron concentration. The film leached 
at 361.4 mV initially contained ferrous iron only; however, the increase in redox 
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potential and pH of the media throughout leaching suggests the occurrence of 
ferrous oxidation, to some extent, producing ferric iron, but that the rate of this 
reaction was not sufficient to sustain ferric oxidation of the film (Table 4.1). 
Further extraction of copper does not occur from these films as covellite is stable 
in these conditions and its dissolution (Eqn 29), unlike chalcocite, is slow due to a 
high activation energy and is limited by the chemical reaction of ferric iron with 
the sulfide10, 12. The reactivity of copper sulfides is known to decrease with 
decreases in the copper- to-sulfur ratio according to their standard Gibbs free 
energy and energy of activation12. Further validation that film thickness 
decreases observed in leached Cu1.85S thin films can be used to quantify copper 
leaching from copper sulfides was provided from studies analyzing the effect of 
pH and redox potential.  
Cu2S(s) + 2Fe3+(aq)  Cu2+(aq) + 2Fe2+(aq) + CuS(s)                                                           [28] 
CuS(s) + Fe3+(aq)  Cu2+(aq) + 2Fe2+(aq) + S(s)                                                                   [29] 
Table 4.1: pH and redox potential conditions of the leaching medias containing different ratios 
of iron(II) sulphate and iron(III) sulphate (1:0, 1:1, 0:1) throughout leaching of Cu1.85S thin films 
for 24 hours.  
Test Conditions pH ∆pH eH ∆eH 
Fe(II) Only 
Initial 1.008 
+0.129 
361.4mV 
+2.9mV 
Final 1.137 364.3mV 
Equal Fe(II) & Fe(III) 
Initial 1.007 
+0.128 
461.5mV 
-4.7mV 
Final 1.135 456.8mV 
Fe(III) Only 
Initial 1.086 
-0.68 
628.9mV 
-42.6mV Final 1.018 586.3mV 
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4.3 Effect of pH  
The changes observed in the leaching media and in film thickness of the Cu1.85S 
thin films after leaching in acidic ferric sulfate medium demonstrate that pH 
controls the solubility of ferric ions. The patterned Cu1.85S films were leached in 
media of different pHs containing a total of 1 g L -1 iron sulfate prepared at an 
initial iron(II) sulfate-to-iron(III) sulfate ratio of 1:1. During the leaching period, 
changes in the appearance of the medium, redox potential, and pH were 
monitored. The initial redox potential of each of the pH medium reveals that the 
quotient of ferrous-to-ferric iron is significantly greater in the initial pH 3 
medium compared with that of the initial pH 1 and 2 media. During the 24-h 
leaching period, the variations in the pH and redox potential of the initial pH 1 
and 2 media were relatively stable and equivalent to the control with no sample 
(figure 4.4a, b). However, the redox potential of the initial pH 3 medium 
decreased by ≈44 mV (figure 4.4a). This also coincided with a decreasing trend in 
pH. There are three competing processes that contribute to changes in the 
aqueous ferrous and ferric iron concentrations and consequently the redox 
potential. These processes are the oxidation of the Cu1.85S film, oxidation of 
ferrous iron, and precipitation of ferric iron (Eqns 30–33). Additionally, the 
oxidation of ferrous iron and precipitation of ferric iron affect the pH of the 
medium (Eqns 31–33). A decrease in both the pH and concentration of aqueous 
ferric iron of the initial pH 3 medium coupled with the appearance of an orange 
solid during leaching and in the control medium is consistent with ferric iron 
precipitation. The reliance of copper dissolution from the Cu1.85S films on the 
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amount ferric iron and the apparent loss of ferric iron available to participate in 
ferric oxidation of the thin film explain the poor leaching efficiency observed at 
pH 3.  
20Cu1.85S(s) + 74Fe3+(aq)  37Cu2+(aq) + 74Fe2+(aq) + 20S(s)                                                              [30]                                                                      
4Fe2+(aq) + 4H+(aq) + O2(g)  4Fe3+(aq) +2H2O(l)                                                                                     [31] 
Fe3+(aq) +3H2O(l)  Fe(OH)3(s) + 3H+(aq)                                                                                                              [32]                                                            
Fe3+(aq) + 2SO42-(aq) + 6H2O(l) +M+(aq)  MFe(SO4)2(OH)6(s) + 6H+(aq)                                     [33]   
The changes in film thickness of the Cu1.85S thin films after leaching in acidic 
ferric sulfate medium demonstrate that the pH primarily plays a role in ferric 
solubility rather than on non-oxidative dissolution reactions. Copper extraction 
was assessed by quantifying the percentage difference in the average peak 
height of five copper bands on each sample ex situ before and after treatment, 
and an average of this percentage difference for the number of samples treated 
at each pH (n = 4, 3, 2 for pHs 1, 2, and 3, respectively). An increase in the extent 
of the film thickness reduction of the Cu1.85S films is observed as the pH of the 
leaching medium decreases. Similar results have been obtained from studies 
analyzing the effect of pH on the leaching of copper from chalcocite and 
chalcopyrite18, 19, 30-34. Proton activity is disregarded as the source of enhanced 
chalcopyrite leaching at lower pH for two reasons.  
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a)  
b)  
c)  
Figure 4.4: Changes in the redox potential and pH experienced throughout the leaching of 
Cu1.85S films in acidic ferric sulphate media for 24 hours. (a) Changes in redox potential of the 1 
g L-1 iron sulfate solution prepared with a 1:1 iron(II) sulfate/iron(III) sulfate medium of 
different initial pHs during leaching. (b) Changes in pH of the 1 g L-1 iron sulfate solution 
prepared with a 1:1 iron(II) sulfate/iron(III) sulfate medium of different initial pHs during 
leaching. (c) Dependence of non-oxidative dissolution of Cu1.85S on proton concentration 
determined from the average percentage peak height decrease of Cu1.85S films leached for 24h 
in a 1g L-1 iron sulfate solution prepared with a 1:1 iron(II) sulfate/iron(III) sulfate medium.  
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Firstly, acid attack is too slow to sustain the rate of the overall reaction, as ferric 
ion oxidation is faster than non-oxidative dissolution by proton and, secondly, 
the rate of dissolution has been shown to not be significantly dependent on acid 
concentration, as one would expect if this reaction pathway was to occur7, 11, 35, 
36. The kinetics of copper extraction with pH was evaluated from the average 
percentage change in the film thickness at each pH to determine the kinetic 
parameter, i.e. order of reaction, as a function of proton concentration. The plot 
of pH versus log10 of the average percentage peak height decrease shows an 
excellent linear regression relationship defined by y = −0.06x + 1.69, with a 
coefficient of determination (R2) equal to 1 (figure 4.4c). The order of reaction as 
a function of the concentration of protons in the non-oxidative dissolution of 
Cu1.85S is therefore 0.06, which demonstrates that copper dissolution from the 
Cu1.85S films also has little dependence on proton concentration. The proton 
concentrations used in these studies are within the range of 0.001–1.0 M, 
similarly to those used in other studies, which showed that the rate of copper 
extraction from sulfide minerals is independent of the proton concentration11, 35, 
36. In addition, the order of reaction (0.06) is much lower than reported values 
for oxidants that determine reaction kinetics of a variety of minerals in different 
solution chemistries7. The independence of the decrease in film thickness with 
pH can be explained by a slower rate of reaction for acid attack by non-oxidative 
dissolution through protons relative to the rate of the overall reaction by ferric 
oxidation7. This claim is supported by comparing the order of reaction values 
obtained from the average percentage difference in peak height of the 
161 | P a g e  
 
patterned Cu1.85S thin films as a function of proton and ferric iron concentrations 
(figures 4.4c and 4.5c).  
4.4 Effect of Redox Potential  
The decrease in film thickness as a function of redox potential demonstrates that 
the leaching of copper from Cu1.85S films is analogous to that from copper 
sulfide minerals. The patterned copper sulfide films were leached in ≈pH 1 
media containing a total of 1 g L-1 iron sulfate prepared with different iron(II) 
sulfate-to-iron(III) sulfate ratios. Copper extraction was assessed by quantifying 
the percentage difference in the average peak height of five copper bands on 
each sample ex situ before and after treatment, and an average of this 
percentage difference for the number of samples treated at different redox 
potentials (where n = 3). Figure 4.5a illustrates that the degree of decrease in the 
film thickness increases from ≈20 % to 55 % with increases in the initial potential 
of the leaching medium from 352.0 to 476.4 mV versus Ag/AgCl in 3 M KCl, 
corresponding to 0–140 mg L-1 of ferric iron (figure 4.5a). Thereafter, the 
decrease in the Cu1.85S film thickness is substantially less with decreases of less 
than 20% at an initial potential of 631.0 mV, corresponding to 280 mg L-1 ferric 
iron. These relationships between the decrease in film thickness and initial redox 
potential of the leaching medium are comparable with studies that use aqueous 
copper concentration measurement to quantify leaching10, 22, 34, 36-42. The 
percentage of dissolved aqueous copper from chalcopyrite and covellite 
increases with increases in the potential from 300 to 480mV versus Ag/AgCl at a 
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given total iron concentration36, 37, 42. Above this potential (i.e. .480 mV), the 
dissolved aqueous copper percentage was smaller36, 42. This is consistent with 
diffusion-controlled dissolution of chalcocite and change in the stability of 
copper sulfide species from CuS to a more copper-rich copper sulfide 
intermediate in the Eh-pH diagram for the Cu–S–H2O system10, 12. Differences in 
the total iron sulfate concentration and methodology used in some studies 
account for variations in the reports of the redox potential dependence on 
copper dissolution from copper sulphide minerals10. 
The order of reaction as a function of iron(III) concentration was determined by 
the linear relationship between the average percentage change in the film 
thickness at each redox potential. Analysis of the natural logarithm of the 
amount of iron(III) in mg L-1 versus the natural logarithm of the average 
percentage peak height decrease shows an excellent average linear regression 
relationship defined by y = 0.40x + 1.88, with a coefficient of determination (R2) 
equal to 0.99 between 70 and 187 mg L-1 of iron(III) (figure 4.5c). Therefore, the 
order of reaction as a function of the concentration of iron(III) in ferric oxidant 
dissolution of Cu1.85S is 0.4 when the concentration of iron(III) is between 70 and 
187 mg L-1. This value is one order of magnitude greater than that obtained for 
proton concentration, demonstrating that copper dissolution from the Cu1.85S 
thin films is more dependent on the ferric iron concentration than the proton 
concentration, as this reaction occurs at a faster rate. This indicates that protons 
do not play a major role in non-oxidative dissolution reactions.  
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a)                         
b)  
c)  
Figure 4.5: Measurement of leaching efficiency and changes in redox potential of Cu1.85S films 
in acidic ferric sulphate media for 24 hours. (a) Leaching efficiency of Cu1.85S films leached for 
24 h in ≈pH 1 media containing 1 g L-1 iron sulfate prepared with different iron(II) sulfate/ 
iron(III) sulfate ratios (1:0, 3:1, 2:1, 1:1, 1:2, 1:3, 0:1) quantitatively determined by the average 
percentage peak height decrease before and after treatment; the vertical error bars 
correspond to 1 standard deviation. (b) Changes in redox potential of the leaching media 
containing different iron(II) sulfate/iron(III) sulfate ratios (1 : 0, 3 : 1, 2 : 1, 1 : 1, 1 : 2, 1 : 3, 0 : 1) 
throughout leaching; the vertical error bars correspond to one standard deviation. (c) 
Dependence of the ferric oxidative dissolution of Cu1.85S on the concentration of iron(III) 
between 70 and 187mg L-1 (corresponding to initial redox potentials 429.8, 443.9, 460.6, and 
476.3 mV versus Ag/AgCl in 3 M KCl).  
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Previously, leaching has usually been quantified and the kinetics inferred by 
measuring changes in the concentration of aqueous species in the leaching 
medium18, 37. These measurements are considered indirect means of quantifying 
leaching, whereas measurements of changes in the film are direct. There are 
many analytical techniques available to characterize films, each providing 
different types of information about the thin film8, 17, 43, 44. A combination of two 
or more methods are often employed to characterize films as the 
characterization of thickness, morphology, and composition is not achievable by 
a single analytical technique. Understanding copper extraction from copper 
sulfide minerals is largely possible by undertaking quantitative copper 
determination and qualitative surface species determination. The comparable 
data obtained as a function of pH and redox potential by measuring decreases in 
film thickness of Cu1.85S and change in the copper sulfur ratio of the films, and 
the aqueous copper concentrations in copper sulphide dissolution studies 
demonstrate that WLIP and SEM- EDX can be used to quantify copper dissolution 
from copper sulphide thin films.  
Evaluation of the effect of pH and redox potential on the leaching of the thin 
films demonstrated that the redox potential has a greater influence on copper 
extraction.  Control of the redox potential has been cited as the most crucial 
factor impacting on copper dissolution from copper sulphide minerals, as there 
is a small potential region where optimal dissolution occurs13, 21, 22, 38, 39, 45, 46. The 
rate of chalcopyrite leaching is maximised in the potential window 434-484mV 
vs. Ag/AgCl 3M KCl21, 22, 34, 38, 39, 45. This was also experienced during the leaching 
165 | P a g e  
 
of the thin films and can be explained by variations in the electrical potential 
difference of the double layer caused by the different ferric ion concentrations 
at different potentials, which allow certain oxidation reactions leading to 
incomplete dissolution of the copper sulphide minerals. The eH-pH diagrams 
describe the resultant species produced at particular pH and redox potential 
conditions12, 37. The cause of reduced leaching in chalcopyrite has been discussed 
extensively in the literature with the formation of surface layer(s) a dominant 
aspect of all the theories proposed to explain dissolution kinetics6, 37. Whilst for 
chalcopyrite, observed and electrochemically characterised surface 
transformations through different sulphur species, and/or deposition of sulphur 
or jarosite layers have been suggested as culprits, studies of chalcocite 
dissolution report that copper leaching progresses through a variety of non-
stoichiometric copper-sulphide species until covellite is yielded, where leaching 
decreases significantly6, 7, 10, 16, 22, 28, 34, 37, 47-51. Evaluation of the copper-to-sulphur 
ratio of the thin films after leaching using SEM-EDS supports that the dissolution 
of the copper sulphide thin films is similar to chalcocite. Neither pure sulphur 
nor jarosite was observed, as has been in chalcopyrite leaching. Therefore, 
despite demonstrating similar leaching behaviour in terms of the effect of pH 
and redox potential, the cause of reduced leaching in the copper sulphide thin 
films is consistent with chalcocite and possibly different to that of chalcopyrite.     
The advantage of WLIP analysis over other techniques is its non-contact 
approach and ability to illustrate the film in three dimension and its features in 
the nanoscale. The nanometer resolution capabilities of WLIP allow for richer 
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topographical details about the film surface and structure when compared with 
data extracted from scanning electrochemical microscopy or atomic force 
microscopy, thus making it suitable to quantitatively assess copper leaching 
through changes in film thickness17. The advantage of SEM-EDX analysis over 
other techniques is its ability to analyse both morphology and elemental 
composition simultaneously, as well as the greater clarity of morphology 
achieved when compared with atomic force microscopy17. 
4.5 Conclusion 
By controlling the spatial positioning of the synthesized Cu1.85S, WLIP and SEM-
EDS can efficiently and non-destructively assess changes in film thickness, 
morphology, and composition. This represents an alternative method for 
studying the leaching of copper from copper sulfides. The leaching behaviour of 
the Cu1.85S films in acidic ferric sulfate media demonstrated changes in film 
thickness and copper sulfide species, as consistent with chalcocite dissolution at 
the pH and redox potential conditions studied. Greater decreases in film 
thickness are observed as pH decreases due to the greater solubility of iron(III) 
ions. The order of reaction as a function of proton concentration in non-
oxidative dissolution of the Cu1.85S film shows that the rate of dissolution of 
Cu1.85S by protons is negligible compared with dissolution by ferric oxidation. 
The order of reaction as a function of the concentration of iron(III) is 0.4 when 
the concentration of iron(III) in the acidic ferric sulfate medium is between 70 
and 187 mg L-1 and represents the region of redox potentials where dissolution 
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of copper from Cu1.85S produces covellite. The extent of reduction in film 
thickness decreases substantially above ≈476.4mV versus Ag/AgCl, 3M KCl, 
where other copper sulfide intermediate species are shown to be stable in the 
Eh-pH conditions.   
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Chapter Five 
Acidithiobacillus ferrooxidans Biofilm 
Analysis 
5.0 Introduction & Aims 
During the bioleaching of mineral substrates bacteria attach to the surface to 
harness the energy contained within and in the process also liberate aqueous 
metals. Initial cell attachment causes additional cell attachment and increased 
production of extracellular polymeric substances (EPS) as colonies develop and a 
biofilm is established1-3. The specific compounds synthesised are dependent on 
the bacterial species and other factors, such as growth rate, stage, substrate2-6. 
These EPS are a prerequisite for both bacterial attachment and mineral 
dissolution, where a direct relationship exists7. Therefore, the improvement of 
mineralisation processes when utilising bacteria lies within the special properties 
and environment created by the extracellular polymeric substances (EPS) matrix 
that they produce colonising surfaces8. The EPS form an integral part of the 
biofilm structure, including the space within the microbe-mineral interface. This 
particular region is recognised to be where the key processes of dissolution 
occur9-14. Nevertheless, much remains unknown about the biofilm and EPS 
formed by Acidithiobacillus ferrooxidans (A.f) on copper sulphide minerals. There 
are several reasons that may largely be contributing to this; a lack of sensitivity 
in analytical techniques, difficulty in preserving the EPS/biofilm in its natural 
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state for analysis, and/or biofilm studies neglecting to include analysis of the 
extracellular matrix8, 15-19.  
The development of microscopy techniques from light into electron and laser 
scanning methods revolutionised the way researchers can visualise and examine 
the structure and composition of different samples 15, 17, 20, 21. However, electron 
microscopy techniques have traditionally been excluded from these types of 
studies because of the sample altering treatments required in preparation for 
the instruments high vacuum operating conditions 19 22. The induced changes to 
the biofilm during fixation are thought to eliminate or reduce the structure and 
organisation of which is to be determined, as well as introduce artefacts 19, 23.  
Advances in technology, such as the use of low vacuum and environmental 
modes has improved the applicability of scanning electron microscopy (SEM) in 
biofilm studies 24 25. Despite this, confocal laser scanning microscopy (CLSM) has 
been pioneering in biofilm and extracellular matrix exploration, with its versatile, 
effective, non-destructive, in-situ approach, that it is now considered the 
standard technique for biofilm analysis17, 21, 23, 26.  
The majority of biofilm/EPS studies conducted on bioleaching bacteria have 
focused on Acidithiobacillus thiooxidans (A.t) species and pyrite or both, and 
focused more on initial bacterial attachment rather than biofilm development 3, 
6, 27-39. These studies commonly employed a combination of CLSM, SEM-Energy 
Dispersive Spectroscopy (EDS), Atomic Force Microscopy (AFM), Epifluorescence 
Microscopy (EFM), and/or Raman Spectroscopy to study the different EPS 
matrices29-34, 36, 38. From these an EPS composition-growth substrate and 
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composition-structure-properties relationship was established8, 9, 14, 37, 40-46. One 
report of A.f on bio-oxidised chalcopyrite utilises SEM in combination with other 
microscopy techniques to improve the knowledge of the biofilm formation25. 
However, this paper neglects to address key features of the process such as the 
coverage and concentration of bacteria and EPS throughout the leaching 
duration.  
The role of EPS components in bioleaching processes is speculated based on its 
presence and concentration at the microbe-mineral interface, and knowledge of 
changes in concentrations of chemical species involved in the mechanism 3, 12, 47-
50. These interpretations are based on indirect analytical measures, and little 
research into the molecular structure of the biofilms on minerals has been 
conducted. Examination of the structural composition and distribution of the 
EPS formed by A.f on copper sulphide minerals may lead to greater insight into 
the functionality of its components, and in particular those involved in 
bioleaching electron-transfer reactions. Therefore, in this chapter, visualisation 
and examination of the microbe-mineral interface between ferrous grown A.f 
and copper sulphide substrates is investigated to gain insight into the EPS matrix 
structure. This included analysis in both the fixed, and coated, under high-
vacuum, as well as in its native state by low-vacuum and environmental scanning 
electron microscopy (ESEM) modes. The impact of different buffering systems on 
the appearance of the mineral surface, bacteria and in artefact production was 
also investigated. The images produced were compared to fluorescent signals 
emitted from the microbes and EPS components by CLSM to evaluate their 
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validity. Staining of the polysaccharide, lipids and hydrophobic domains, and 
nucleic acid content of the EPS allowed analysis of their concentration, thickness, 
and spatial distribution with culture age. The sugar components were stained 
with Concanavalin A lectin (ConA), the hydrophobic domains with Nile Red, and 
the nucleic acids with Acridine Orange.  
5.1 Scanning Electron Microscopy Analysis of the A.f  Biofilm 
on Copper(I) Sulphide & Chalcopyrite 
Biofilm structure and formation of A.f on the copper(I) sulphide particles and 
chalcopyrite mineral particles was investigated through examining its bacterial 
colonisation and EPS production on these sulphides using three imaging 
techniques. The methods of SEM, ESEM and CLSM were used to visualise the 
biofilm in dehydrated and native states, and the distribution of specific 
macromolecules, respectively.  
The structure and formation of A.f colonisation on the copper containing mineral 
surfaces was first explored using SEM. The biological samples were fixed in 
preparation for the high vacuum applied during this technique. During this 
process the samples are immersed in a buffer solution containing chemical 
additives. Previous electron microscopy investigations of A.t on chalcopyrite 
utilised a phosphate buffering system (PBS)27, 51. Therefore, the effect of this 
buffer on unleached copper(I) sulphide was evaluated.  
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Freshly polished samples of copper(I) sulphide particles were prepared for 
analysis using procedures modified from Lara et. al. and Yang et. al.27, 51. The 
procedure incorporated the use of PBS buffer, with glutaldehyde and osmium 
tetroxide treatment, followed by subsequent dehydration with ethanol to 
stabilise the A.f biofilm on the mineral surface. In a similar manner to Yang et. 
al., hexamethyldisilazine (HMDS) was applied rather than critical point drying to 
dehydrate the biofilm51. The prior chemicals perform different functions in the 
fixation process of the biofilm. Glutaldehyde preserves biofilms by facilitating 
strong cross-linking of proteins, and osmium tetroxide stabilises membrane and 
other lipidic components52. Figure 5.0 shows the resultant surfaces of freshly 
polished copper(I) sulphide particles treated for biofilm fixation using PBS 
imaged by SEM. 
 
Figure 5.0: Secondary electron SEM image collected at 5kV and X250 magnification of 
freshly polished copper(I) sulphide particles embedded in resin treated for biofilm fixation 
with PBS buffer. 
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The entire surface is nearly covered by porous spherical particles ~20µm in size 
with the underlying copper(I) sulphide particles barely visible. Higher 
magnification images of these particles reveal the structure to be flowers, 
analogous to those composed of copper phosphate observed in the study by Ge 
et. al.(figure 5.1)53. The appearance of these has been acknowledged since 
200454. They form when either complexes of copper(II) ions with a protein, 
polypeptide, enzyme or bacteria on solid copper substrates are exposed to 
aqueous phosphate ions53, 54. The former process is of significance when 
bioleaching, as conditions that promote flower formation include a gram-
negative bacterium and a pH of 7.0-7.454. Despite the absence of bacteria, 
proteins, polypeptides and enzymes, these precipitates have still formed, even 
though the regulation of PBS at pH 7.2 was the only condition applied which 
promotes the precipitation of copper phosphate as flowers. This is quite 
significant however, as it is more likely that precipitation will occur when 
bioleached copper(I) sulphide particles are prepared for imaging using PBS, as 
the bacteria will also contribute to promoting precipitation.    
 
Figure 5.1: Secondary electron SEM images at X1000 of freshly polished copper(I) sulphide 
particles embedded in resin after treatment with PBS buffer. Shows copper phosphate 
flowers formed on the surface. 
176 | P a g e  
 
Examination of the pyrite sample (figure 5.2) shows no evidence of these flowers 
due to the absence of copper, but the presence of a different artefact.  Clusters 
of nanometer sized spherical particles are widely spread covering the surface. 
This precipitation is speculated to be a result of a long fixation time, and may be 
reduced with treatment of a shorter duration. However, this was not 
investigated, as it was not the focus of this experiment to optimise imaging of 
the biofilm on pyrite. The extreme reactivity of the copper(I) sulphide surface 
with PBS means it cannot be applied to study the biofilm formation during 
bioleaching, and therefore an alternative buffering system was explored.  
a)  b)  
Figure 5.2: Secondary electron SEM images collected at 5kV of freshly polished pyrite 
particles embedded in resin treated with biofilm fixation procedure using PBS buffer. a) At 
X250, and b) at X5000, showing precipitation artefacts. 
Sodium cacodylate is another buffer that has been extensively utilised in biofilm 
fixation for SEM studies52. Copper containing sulphides have not been treated 
with this buffer before, and therefore, the effect of fixation on these surfaces, 
pyrite and microbial community was examined. Two different periods of 
application were tested for the glutaldehyde and osmium tetroxide steps. 
Analysis was conducted in high vacuum mode.  
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The coverage and distribution of A.f was similar on the mixed and pyrite sample. 
Sporadic attachment of bacteria across the mineral and resin surfaces was 
observed (figures 5.3 and 5.4).  In addition, greater colonisation and microbial 
attack of the minerals was observed with longer culture periods. Despite 
differences in leaching duration, EPS formation and bioleaching occurred within 
the same features; cracks, particle boundaries and pits either formed by 
breakage during polishing or self-induced (figures 5.3 and 5.4). This behaviour by 
Acidithiobacillus species is not uncommon and acknowledged throughout the 
literature55.  
Evidence of biological material attached to the mineral surface was somewhat 
difficult to distinguish in the secondary electron produced topographical images 
of a 7 day culture of A.f on a mixed copper(I) sulphide and pyrite surface (figure 
5.3a and 5.3c). Some distinctive elliptical particles could be observed on the 
sulphide surface consistent with the shape and size with A.f, however, other 
surface features appeared in clusters (figure 5.3a). It was thought that these may 
be colonising bacteria forming EPS, but it is unknown what this looks like. These 
clusters could be precipitation, which was observed with PBS treatment, and has 
been observed with SEM of A.f leached iron sulphides55. Figures 5.3b and d, and 
5.4a and c, demonstrate the importance of backscatter electrons in analysing the 
biofilm on leached surfaces. The nature of the image components was easily 
identified by elemental contrast inherent in these pictures, where feature 
brightness is indicative of composition56.Lighter elements, such as carbon, 
nitrogen and oxygen, which largely form the EPS, are darker56.Whereas, heavier 
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elements, such as the iron in pyrite, make it brighter 56. Majority of the clustered 
material in figure 5.3a is demonstrated as biological in figure 5.3b, as is the large 
porous matrix web in figure 5.3c that protrudes and extends up onto the mineral 
surface as shown in figure 5.3d. However, figures 5.3b and d also differentiate 
other small particles around and within the EPS structures that are much 
brighter in contrast to any other image component. These are assumed to be 
precipitation products as a result of the fixative solution. Further evidence of this 
was observed on pyrite samples analysed in low vacuum mode (figure 5.5e), but 
this is not the only drawback. 
a)  b)  
c)  d)  
Figure 5.3: Effect of sodium cacodylate treatment on a mixed sample of copper(I) sulphide 
and pyrite bioleached with A.f. a) and c) Secondary electron, and b) and d) backscatter 
electron images of a bioleached mixed copper(I) sulphide and pyrite sample for 7 days 
treated with sodium cacodylate.  
179 | P a g e  
 
a)  b)  
c)  d)  
e)   
Figure 5.4: Effect of sodium cacodylate treatment on A.f biofilm and pyrite surfaces. a) 
Back scatter electron image after bioleaching for 7 days. b) Secondary electron and c) 
backscatter electron images after bioleaching for 14 days. d) and e) Secondary electron 
image of A.f attached to pyrite in the mixed and pyrite only sample, respectively, after 
culturing for 14 days.  
Bacterial deformation was observed on samples preserved with sodium 
cacodylate. A.f cells cultured with minerals for 7 days were fixed for 48 hours 
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with glutaldehyde, and 2 hours with osmium tetroxide. While those leached for 
14 days, only 20 minutes with each chemical. Reducing the treatment duration 
did not avoid distortion of the microbes. Figures 5.4d and e demonstrate very 
clearly the high level of damage rendered during fixation. Some evidence of this 
can also be seen in figure 5.4b, where holes within cells are visible. The severe 
destruction and appearance of artefacts with the use of sodium cacodylate 
renders it impractical for high vacuum mode SEM investigations of A.f biofilms 
on sulphide minerals. However, imaging in low vacuum mode has been reported 
to improve visualisation of biological materials56. 
Analysis of bacterial colonised chalcopyrite, copper(I) sulphide, and pyrite in low 
vacuum mode with no coating applied to the sample surface also presented 
problems. Samples were leached for 14 days before preserving for 20 minutes 
with each fixative chemical in sodium cacodylate. The images of each sulphide 
surface exhibited extremely different characteristics. Dispersed elliptical 
particles consistent with the shape and size of A.f were observed on all minerals. 
However, the form of EPS matrix material and any artefacts present were 
dissimilar. Figures 5.5a, d and e illustrate the general appearance of the 
chalcopyrite, copper(I) sulphide and pyrite surfaces, respectively. Precipitation of 
several crystals ~5-10µm in size was obvious on chalcopyrite (Figure 5.5a). These 
are suspected to be copper and iron sulphate57. At higher magnifications the 
matrix is demonstrated as solid particles encased within a smooth gooey 
substance (figure 5.5b and c).  The morphology of the deposits on the copper(I) 
sulphide (figure 5.5d) closely resemble those in figure 5.3, where there was also 
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evidence of precipitation. The pyrite surface shows numerous circular discs in 
amongst bacterial cells (figure 5.5e). The inability to capture back scatter 
electron images in low vacuum made it difficult to conclude definitively if some 
of these features were artefacts or biological matter (figure 5.5d and e). Despite 
this, their presence impedes the use of this technique to study the biofilm.  
a)  b)  
c)  d)   
e)  
Figure 5.5: Secondary electron SEM 
images in low vacuum mode with no 
coating of minerals surfaces cultured 
with A.f  for 14 days and fixed using 
sodium cacodylate buffer; a), b) and c) 
chalcopyrite, d) copper(I) sulphide, and 
e) pyrite. 
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The use of ESEM without the application of any prior preservation was 
investigated to capture the structure of the EPS matrix and biofilm in its natural 
state (figures 5.6 and 5.7). Unlike previously, where fixation was seen to 
introduce artefacts, no changes to the arrangement of biological material was 
expected, except those caused by slow water removal.  In this approach, the 
pressure within the chamber is slightly higher than in low vacuum mode, and 
varied to change the hydration of the sample58. To replicate authentic conditions 
of the biofilms in nature, imaging of A.f cultured in 9K medium containing a 
piece of chalcopyrite was conducted in fresh growth media. However, the 
resultant surface was shown to be covered in very fine nanometer sized particles 
(figure 5.6) in addition to other micron scale artefacts. Again, the unavailability 
of elemental contrast means the origin of these features could not be 
conclusively identified. It was assumed to be a consequence of the dehydration 
of salt rich nutrient media due to the lack of bacteria in the vicinity. Analyses of 
the biofilm after rinsing was more successful (figure 5.7). 
 
Figure 5.6: Secondary electron image from ESEM of chalcopyrite cultured with A.f for 5 
days directly taken from the growth media. Shows the precipitation of salts within the 
media during the dehydration process of ESEM. 
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a)  b)  
Figure 5.7: Secondary electron images from ESEM of chalcopyrite cultured with A.f for 5 
days rinsed and analysed with DI water. a) Analysis with water causes the bacterial cells to 
swell from water uptake, and b) as water is removed bacterial cells are shown to be 
embedded in a gelatinous matrix.  
Insights into the structure of the A.f biofilm were provided through examination 
at different states of hydration using ESEM. Due to the precipitation observed 
with analyses in the growth media (figure 5.6), chalcopyrite samples were rinsed 
and analysed in DI water.  Both the beginnings of colonisation and an established 
colony were studied. Water was evaporated from the surface to observe the EPS 
architecture by slowly decreasing the pressure. This approach seemed to affect 
the morphology and identification of the bacteria. Elliptical shaped features 
were observed approximately double the size expected. If these are A.f cells, 
then the application of water to the sample caused its uptake by the microbes 
causing them to swell (figure 5.7a). Removal of the water exposed some bacteria 
embedded within a gelatinous looking matrix on the mineral surface (figure 
5.7b) remarkably similar to that observed after fixing the bacteria with sodium 
cacodylate buffer viewed under low vacuum (figure 5.4a,b,c). However, it’s 
difficult to conclude whether these dark features are biological or simply just 
water. Both water and biological material are indicated by darker contrast in 
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ESEM images, due to their low electron density in comparison to the metal 
containing sulphide minerals56. This is demonstrated through studying a colony 
of A.f cells attached to the chalcopyrite surface (figures 5.7 and 5.8). Figure 5.8a 
illustrates an overview of the colonisation extremely hydrated, whereas Figure 
5.8b shows the same area after 10 minutes, where much of the excess water has 
been removed to reveal the formation is within a hole of the surface. After a 
further 15 minutes has passed and more drying out has occurred the biofilm 
appears to consist of clustered minute particles covered by a gelatinous film 
(figure 5.8c). Bacterial cells are difficult to distinguish, even at higher 
magnifications (figure 5.8d). This is due to the changes in the matrix structure 
with dehydration, which causes all the contents to appear as clustered grains, 
and the detection of secondary electrons, which don’t give elemental contrast. 
Despite this, the material in these images show similarities with that in figures 
5.8b and figure 5.4a, b, c. Further dehydration (figure 5.8e) reveals the matrix is 
composed completely of different shaped and sized grains.     
The appearance of A.f and its colonies, and structure of the EPS matrix and 
biofilm when fixed using HEPES buffer was superior to PBS, sodium cacodylate 
and unfixed environmental methods. The stages of biofilm formation and 
different characteristics of the EPS material were clearly distinguishable based 
on the development level of the growth. Figure 5.8 displays an overview of the 
chalcopyrite surface cultured with A.f for 36 days. The raised specks are bacterial 
cells, as confirmed in images at higher magnifications (figure 5.10b and c). 
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a)  b)  
 c) d)  
e)  
Figure 5.8: Secondary electron images from ESEM of chalcopyrite cultured with A.f for 5 
days rinsed with DI water at different stages of hydration. a) The beginning of analysis, 
where the colony is extremely hydrated with water, b) after 10 minutes, excess water is 
removed and a colony is visible within a hole in the mineral surface, c) after 25 minutes, 
the colony appears as clustered particles covered in a gelatinous film, d) higher 
magnification image of c, showing the difficulty in distinguishing bacterial cells from EPS 
material, and e) the composition of the colony after full hydration as different size and 
shape grains.  
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Attachment of isolated microbes is scattered, with higher concentrations located 
around pits (Figure 5.9, mark 1). Micro colonies have developed within pits and 
rough surface features, where with age they have become established colonies 
(Figure 5.9, marks 2 and 3). This behaviour is typical of bioleaching acidophilic 
microbes 55. 
 
Figure 5.9: Chalcopyrite cultured with A.f for 36 days imaged after fixing with HEPES buffer 
in ESEM mode. 1) Shows scattered cell attachment, 2) depicts micro colonies, and 3) 
established colonies. 
The A.f biofilm is described as forming a monolayer on mineral exteriors36 and 
this was corroborated (figure 5.10a).  However, established settlements in pits, 
crevices and cracks demonstrated greater thicknesses (figure 5.10b and c).  The 
topography depicted by secondary electron capture indicates the presence of 
two morphologies (figure 5.10b, mark 1). This is reflected in the backscatter 
electron image, where elemental contrast designates these are of different 
1 
2 
3 
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composition (figure 5.10c, mark 1). The mineral phase is bright due to its copper 
and iron content, however, the other structure is biological in nature, as it shares 
commonality with the microbes. The mass has engulfed the mineral phase 
(figure 5.10c, mark 2) and the cliff in figure 5.10b, mark 2 illustrates it has a 
depth of more than one bacterial cell. The differences in thickness of the 
biofilms in these figures appears to affect the morphology. 
a)  b)   
c)   
Figure 5.10: A.f biofilms on chalcopyrite after 36 days cultivation, imaged after fixing with 
HEPES buffer in ESEM mode. a) Monolayer biofilm formation. b) Secondary electron image 
of topography, and c) backscatter electron image showing elemental contrast between the 
sulphide mineral and microbial biofilm.  
 
 
1 
2 
1 
2 
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The morphology of the biofilm was determined to differ according to the extent 
of its development. Colonisation begins with bacterial attachment, which then 
induces EPS production 8, 36, 50. This was exhibited on chalcopyrite where some 
cells in a condensed area of A.f are covered and joined together by a cloudy 
gooey substance (Figure 5.11a). Continued EPS production extended the 
network of bound bacteria, creating a micro colony (figure 5.11b). This 
progression saw a change in the form of the biofilm. The smooth gelatinous 
appearance of the EPS began to disappear and the microbes were embedded 
with numerous minute particles stuck together in a stringy porous web-like 
matrix (figure 5.11c). As the colonies grew bigger and more A.f were entangled 
into the mass, the porous structure vanished and became solid (figure 5.11d 
indicated by arrows). At higher magnifications the biofilm configuration looks 
like a sludge surrounding bacteria and a high density of minute particles (figure 
5.11e). The biofilm again appeared different after further treatment of the 
samples in preparation for imaging under high vacuum. 
The A.f biofilm morphology on chalcopyrite treated with HEPES buffer was 
different after dehydration treatment compared to analysis in ESEM mode. The 
smooth gelatinous appearance of the EPS matrix seen around attached bacteria 
and within colonised pits, completely disappears and the fibrous structure is 
revealed (figure 5.12). In ESEM mode this stringy characteristic is only apparent 
in mature surface established colonies (figure 5.11b). Whereas, this web-like 
feature of the EPS is also demonstrated in high vacuum SE and BSE images of A.f 
attaching to and within crevices of the sulphide surface (figure 5.12b - e).   
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a)  b)   
c) d)
e)  
Figure 5.11: Biofilm morphology of A.f cultured on chalcopyrite for 36 days at different 
stages of maturity. a) Bacterial attachment inducing production of smooth gelatinous EPS, 
b) micro colony formed from continued EPS production, c) the EPS within the micro colony 
forms a stringy, porous, web-like matrix, d) the EPS within a mature colony is more solid in 
appearance, and e) the EPS of a mature colony at higher magnifications shows a sludge 
with bacterial cells and a high density of minute particles embedded. 
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Detection with SE is better for rough surfaces, but BSE provides greater contrast 
for examining crevices, and confirming the biological origin of aspects in the SE 
capture (figure 5.12b - e).  The filamentous nature of the EPS is encapsulated in 
figure 5.12f, where a single bacterial cell is seen attached to chalcopyrite by a 
network of polymers. This was not observed in any ESEM. However, the 
combination of ESEM and high vacuum mode with coating, allowed the features 
observed during environmental analyses to be correlated with topographical and 
elemental contrast produced by secondary and backscatter electrons (figure 
5.12 a-c).   The composition of these different phases were determined by EDS, 
which verified the presence of biological material (table 5.0 and figure 5.13 a-d). 
The EDS spectra analysing the composition of the brighter phase material (figure 
5.13 – Chalco 2_EDS 2 and Chalco 2_EDS 3) confirmed it to be mineral substrate. 
The presence of copper, iron and sulphur, and iron and oxygen, were 
demonstrated, respectively, consistent with chalcopyrite and iron oxide. In 
addition, the spectra show the presence of carbon, expected due to the carbon 
coating applied for SEM-EDS analysis. The EDS spectra analysing the composition 
of the darker phase material (figure 5.13 – Chalco 2_EDS 1 and Chalco 2_EDS 4) 
confirmed it to be of biological nature. The spectra demonstrated the presence 
of greater amounts of carbon, in addition to chlorine, osmium, oxygen, sulphur 
and possibly phosphorous. The detection of sulphur can be explained by 
incorporation of sulphur particles into the biofilm during leaching, and the 
source of the osmium is from its use in fixing the biofilm27, 29. Osmium is used to 
cross link protein and lipids biofilm components52. However, chlorine, oxygen 
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and possibly phosphorous were also identified and these elements were not 
constituents in any treatments or sample preparation techniques. Whilst the 
exact chemical make-up of the EPS produced by A.f is still to be confirmed, it is 
speculated that EPS is composed of heteropolymeric polysaccharides containing 
rhamnose, fucose, xylose, mannose, glucose, and glucuronic acid sugar units, 
lipids of long chain fatty acids, and minute amounts of nitrogen and 
phosphorous 10, 14, 46.  This and the absence of these elements in chalcopyrite 
spectra leads to the conclusion that the dark phases in BSE SEM images, where 
A.f cells are found, is biofilm. 
Table 5.0 Comparison of EDS analysis in figure 5.13 of mineral (Chalco 2_EDS 2 and Chalco 
2_EDS 3) and biofilm (Chalco 2_EDS 1 and Chalco 2_EDS 4) phases. 
Element Mineral Phase Biofilm Phase 
Carbon Present in smaller amounts Present in greater amounts 
Copper Present Not Present 
Iron Present Not Present 
Sulphur Present Present 
Chlorine Not Present Present 
Osmium Not Present Present 
Oxygen Present Present 
Phosphorous Not Present Possibly present 
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a)  b)   
c)  d)  
e)  f)  
Figure 5.12: Comparison of different detectors used to produce SEM images of 
chalcopyrite cultured with A.f for 36 days after fixing with HEPES buffer, in visualising EPS. 
a) A gelatinous matrix is observed in ESEM mode, and b) and c) EPS topography is 
observed using secondary electrons and d) and e) biological material is differentiated from 
the mineral using back scatter electrons, under high vacuum with coating. f) the 
filamentous nature of the EPS captured by back scatter electrons. 
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a)  b)  
c)   
d)  
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
keV
0
1
2
3
4
5
 cps/eV
 C  O  S  S  Cl 
 Cl 
     Os 
 Os 
   Fe    Cu 
Chalco 2_EDS 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
keV
0
1
2
3
4
5
 cps/eV
 S  S    Cu    Fe 
Chalco 2_EDS 3
Chalco 2_EDS 2 
Chalco 2_EDS 4 
Chalco 2_EDS 3 
Chal  S 2 
C 
194 | P a g e  
 
e)   
f)    
Figure 5.13: SEM images and EDS analysis of chalcopyrite cultured with A.f for 36 days 
after fixing with HEPES buffer. a) and b) BSE images of fixed A.f colonised on chalcopyrite 
indicating the locations where EDS analysis was performed. c) EDS spectra 1 collected 
from biological material in a) and d) EDS spectra 2 collected from the mineral surface in a). 
e) EDS spectra 3 collected from the mineral surface in b), and f) EDS spectra 4 collected 
from biological material in b). The ESEM, and high vacuum mode investigations of A.f 
biofilm have provided insight into the location, development and appearance of EPS 
during bacterial colonisation and bioleaching of chalcopyrite. However, these analyses 
were limited and could not target specific EPS components to examine their concentration 
and spatial distribution throughout the biofilm at the microbe-mineral interface. This was 
achieved with staining and capturing the emitted fluorescence using CLSM.  
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5.2 Confocal Laser Scanning Microscopy Analysis of A.f Biofilm 
on Copper(I) Sulphide & Chalcopyrite 
Insights and changes within the A.f biofilm cultured on copper(I) sulphide and 
chalcopyrite particles was investigated using fluorescent staining and CLSM. The 
extensive range of biomolecules that compose the EPS highlights one of the 
difficulties in its examination, as there is no single marker to capture the matrix 
in its entirety59, 60. Other studies have employed only two stains to explore 
exopolysaccharides, and either hydrophobic domains as lipids, or DNA material 
27, 29-32.  Whilst the exact composition of the EPS is unknown, there are three 
important classes of molecules present; polysaccharides, lipids, and 
DNA/RNA/proteins. Therefore, three different dyes that bind to these fragments 
were applied.  
Tetramethylrhodamine-Concanavalin A (TRITC-ConA) is a commonly used stain 
to examine hydrophilic exopolysaccharides such as α-mannose and α-glucose 27, 
29-32. The fluorescence spectra of TRITC-ConA exhibits maximums at ex ʎ555nm 
and em ʎ580nm. Whilst maximum fluorescence occurs with excitation at 
ʎ555nm, a ʎ of 488nm with emission detected at ʎ575nm has also been 
successfully applied throughout other EPS studies of acidophilic bacterium on 
copper and iron sulphide minerals 27, 29-32. In previous studies, hydrophobic 
domains as lipids have been stained with Nile Red and fluorescence excited at 
515-560nm and emission detected at 650nm29, 30.  Acridine orange is one 
traditional stain used to highlight nucleic acids (i.e.: DNA) in EPS of bioleaching 
microbes27, 31, 32. Its fluorescence is only specific for nucleic acids with excitation 
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at 500nm and emission at 526nm wavelengths61. Acridine orange also binds to 
humic substances, acidic polysaccharides, glucoaminoglycans, 
galactoaminoglycans, liposomes and phospholipids61. The fluorescent signal of 
these can be captured at a different set of wavelengths than cited above. The 
excitation and emission wavelengths used in these studies for each stain align 
with the literature and were determined from triplicate staining of A.f, and the 
need to diminish interference of the other stains in the emission detected27, 29-32. 
Figure 5.14 illustrates the fluorescence exhibited by A.f biofilm on CSPE. The A.f 
cells fluoresce with all stains, but the fluorescence emitted by Acridine orange 
demonstrates more defined cells. A large cluster of A.f cells and EPS is evinced in 
the top right of all images and contains EPS components binded by all stains 
used with varied intensity. The fluorescence from lipids and hydrophobic 
domains is greatest, followed by RNA etc., then exopolysaccharides. Dissimilar to 
this, the areas of the biofilm where there is less density of bacterial cells exhibits 
EPS mainly stained with TRITC-ConA and Acridine Orange dyes and a minute 
amount stained with Nile red. This suggests differences in the composition of the 
biofilm with age, as it is composed primarily of exopolysaccharides and humic 
substances, acidic polysaccharides, glucoaminoglycans, galactoaminoglycans, 
liposomes and/or phospholipids in the beginning of colonisation and as the EPS 
matures, the composition becomes much more heavily dominated by lipids and 
hydrophobic domains. With this proof of concept, the technique was then 
applied to examine the biofilm formed by A.f on copper(I) sulphide and 
chalcopyrite particles.  
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Fluorescent images of A.f biofilm at different culture ages were used to 
investigate the changes in spatial distribution of the different EPS components 
with culture age. Figures 5.15 and 5.16 illustrate the typical image obtained from 
the triplicate stain CLSM analysis of the A.f biofilm formed on the samples. The 
resin in which the particles are embedded is entirely fluoresced at highest 
intensity, and the sulphide mineral particles black. Within the particle 
boundaries varied amounts of fluorescence can been seen, representative of the 
substances each stain binds to. In addition, distinct elliptical shaped particles 
approximately 1-2µm in size are demonstrated, corresponding to the bacterial 
cells. By merging the images of the fluorescence from the three different stains, 
overlap between the different EPS components is evinced. The images of the 
individual stains were analysed for each stain to quantitate the fluorescence as; 
a percentage of the particle area and in the vertical axis range, as measures 
determining biofilm coverage and thickness of their corresponding EPS 
components.  This was achieved by using threshold values that selected the pixel 
areas within mineral particle boundaries and then evaluating the fluorescence as 
pixels with a threshold value of colour.  
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a)  b)  
c)  d)  
Figure 5.14: Fluorescent images of A.f and different EPS components colonised on a 
carbon screen printed electrode using CLSM. a) Fluorescence from Acridine orange 
showing the distribution of RNA, humic substances, acidic polysaccharides, 
glucoaminoglycans, galactoaminoglycans, liposomes and/or phospholipids. b) 
Fluorescence from TRITC-ConA showing the distribution of exopolysaccharides. c) 
Fluorescence from Nile red showing the distribution of lipids and hydrophobic domains, 
and d) images a, b and c merged together, showing the overlap between respective EPS 
components within the biofilm.  
5µm 5µm 
5µm 5µm 
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a)  b)  
c)  d)  
Figure 5.15: Fluorescent images of A.f and different EPS components colonised on 
Copper(I) sulphide particles after 3 days of cultivation using CLSM. a) Fluorescence from 
Acridine orange showing the distribution of RNA, humic substances, acidic 
polysaccharides, glucoaminoglycans, galactoaminoglycans, liposomes and/or 
phospholipids. b) Fluorescence from TRITC-ConA showing the distribution of 
exopolysaccharides. c) Fluorescence from Nile red showing the distribution of lipids and 
hydrophobic domains, and d) images a, b and c merged together, showing the overlap 
between respective EPS components within the biofilm.  
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a)  b)  
c)  d)  
Figure 5.16: Fluorescent images of A.f and different EPS components colonised on 
Chalcopyrite particles after 3 days of cultivation using CLSM. a) Fluorescence from Acridine 
orange showing the distribution of RNA, humic substances, acidic polysaccharides, 
glucoaminoglycans, galactoaminoglycans, liposomes and/or phospholipids. b) 
Fluorescence from TRITC-ConA showing the distribution of exopolysaccharides. c) 
Fluorescence from Nile red showing the distribution of lipids and hydrophobic domains, 
and d) images a, b and c merged together, showing the overlap between respective EPS 
components within the biofilm. 
The change in coverage and thickness (z range) of the fluorescent signals for 
exopolysaccharides, RNA etc., and hydrophobic domains and lipids on particles 
of copper(I) sulphide and chalcopyrite are illustrated in Figure 5.17. The results 
can be explained by considering the substrate. The percentage of particle 
coverage with fluorescent signal of each of the stains for both samples increased 
drastically within the first 3 days of culturing, where a plateau was reached and 
10µm 10µm 
10µm 10µm 
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remained for the remainder of the culture time (Figure 5.17). Table 5.1 shows 
that the biofilm coverage of chalcopyrite particles was marginally greater by 
~10% than copper(I) sulphide particles with average plateau values 65-70 ± ~8%, 
and 50-60 ± ~6.5%, respectively. Interestingly, the coverage of each of the 
different EPS components on both substrates appears approximately equal 
when taking into account the standard deviation of error. This suggests that the 
biofilm is quite homogenous in composition in terms of area.   
Table 5.1: Percentage area coverage of EPS components within the A.f biofilm obtained 
using CLSM on Copper(I) sulphide particles and chalcopyrite particles with culture age (n=8 
± 1 standard deviation). 
EPS Component Mineral Culture Age (Days) 
3 7 14 20 
RNA etc. Copper(I) 
Sulphide 
48.86 ± 
4.70 
54.93 ± 
9.45 
50.87 ± 
3.05 
61.37 ± 
7.00 
Chalcopyrite 54.13 ± 
6.82 
58.20 ± 
12.04 
78.10 ± 
9.71 
61.84 ± 
8.00 
Exopolysaccharides Copper(I) 
Sulphide 
52.91 ± 
7.63 
58.00 ± 
11.61 
58.38 ± 
3.34 
61.28 ± 
8.64 
Chalcopyrite 75.58 ± 
5.24 
64.45 ± 
8.81 
73.21 ± 
13.41 
71.10 ± 
5.29 
Hydrophobic 
domains & Lipids 
Copper(I) 
Sulphide 
44.86 ± 
2.75 
52.58 ± 
4.48 
54.60 ± 
3.23 
49.36 ± 
7.75 
Chalcopyrite 54.15 ± 
3.04 
73.49 ± 
2.30 
66.27 ± 
12.83 
69.42 ± 
5.31 
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a)                
 
b)                 
 
Figure 5.17: Percentage area coverage of fluorescence of acridine orange, TRITC Con-A and 
Nile Red. Shows the distribution of the EPS components these stains absorb to within the 
A.f biofilm on Copper(I) sulphide particles and chalcopyrite particles with culture age (n=8 
± 1 standard deviation).                
The thickness of the different EPS components within the A.f biofilm cultured on 
copper sulphide and chalcopyrite were determined from scanning through the z 
focal range. The overall thickness values for the different EPS components were 
similar on both growth substrates figure 5.18 a and b. However, the individual 
thicknesses of each constituent on copper sulphide and chalcopyrite exhibited 
different trends. The chalcopyrite sample displayed a trend similar to its 
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coverage and intensity with a plateau evinced from day 3. Whereas, the biofilm 
thickness on copper sulphide kept increasing until day 7 before plateauing. The 
thickness of all the components relative to each other throughout the culturing 
period was the same on copper sulphide. The vertical range displayed by the 
exopolysaccharides, and lipid and hydrophobic domains were mostly equivalent, 
but the thickness of the RNA etc. was slightly less. However, on the chalcopyrite 
substrate, the thickness of the lipids and hydrophobic domains was marginally 
greater than that of the RNA etc. and exopolysaccharides on days 3, 7 and 20, 
and the reverse true on day 14.  
The changes in coverage and thickness demonstrated by the fluorescent stained 
EPS components within the A.f biofilm can be explained by the differences in the 
energy source of the mineral substrates. Sulphur is the only available energy 
source within the CuS particles, whereas chalcopyrite particles consist of both 
iron and sulphur, and A.f can more readily utilise iron rather than sulphur62. The 
absence of iron in copper(I) sulphide meant that the bacteria had to adapt to 
utilising sulphur as its sole energy source. This would normally show as lag phase 
in the beginning of the experiment38, 62. Evidence of a lag phase is demonstrated 
in the number of days of exponential growth in biofilm thickness on copper 
sulphide 7 days compared to 3 for the chalcopyrite sample (figure 5.18). In 
addition, the coverage of the EPS components on copper sulphide can be seen to 
be increasing before plateauing until day 7, albeit minor. However, the time 
intervals used here appear to be ineffective at demonstrating a true lag phase, 
where minimal changes from the zero value occur.  
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a)              
b)              
Figure 5.18: Thickness of the fluorescent signal of acridine orange, TRITC Con-A and Nile 
Red by measuring CLSM in the vertical axis. Shows the equivalent thickness of EPS 
components these stains absorb to within the A.f biofilm on a) copper(I) sulphide particles 
and b) chalcopyrite particles with culture age (n=8 ± 1 standard deviation). 
The larger instability and change in EPS component coverage and thickness 
during the culture period on chalcopyrite is likely due to the changes in the 
surface sulphur species during bioleaching. The composition of the EPS is known 
to be substrate dependent 4, 10, 14, 40, 42, 46. EPS produced on sulphur only 
substrates tend to contain a higher concentration of lipids, free fatty acids and 
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phosphorous, whereas EPS produced on iron(II) containing substrates contain 
mostly neutral sugars and free fatty acids8. This distinction is not evinced here 
for either substrate. The method and smaller culture period of analysis used by 
experiments in the literature may explain this. EPS compositional analyses were 
performed via isolation, extraction and purification methods, rather than insitu4, 
10, 14, 40, 42, 46. This is not only challenging due to the complex diversity of its 
components, but has been shown to affect the proportions of EPS components 
detected63, 64 21, 44, 45, 65. Whilst it has been previously reported in shorter culture 
periods that the EPS of A.f contains different levels of different components, the 
longer culture period examined clearly allows the A.f biofilm to reach maturity 
with the level of particle coverage, fluorescent intensity and thickness of the EPS 
components reaching and maintaining plateau from day 3, or 7 in some 
instances.  
The differences demonstrated by the EPS components on the sulphide 
substrates may provide insights into their bioleaching capacities from a 
biological perspective. The growth substrate and surface species changes in 
copper sulphide are quite different to that of chalcopyrite, and even though 
chalcopyrite contains the more preferred growth substrate in iron and shows 
greater biofilm coverage, it still leaches at a much slower rate than copper 
sulphide. The oxidation of chalcopyrite can produce CuS, S0 and a number of Sn2- 
species, whereas the oxidation of copper(I) sulphide yields copper deficient 
sulphides and S0 66-72. Differences in the relative contribution of 
exopolysaccharides and DNA, RNA etc. have been determined for A.t biofilms 
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cultured on potential modified surfaces of pyrite and chalcopyrite that resulted 
in differing sulphur species using CLSM27, 32. The quantity and type of species of 
iron and sulphur would always be changing during oxidation, as such the biofilm 
composition would be adapting. This is perhaps why the results demonstrate 
greater variation in the coverage and thickness of exopolysaccharides, and 
hydrophobic domains and lipids throughout the leaching of chalcopyrite 
compared to the copper sulphide sample. Adaptation of the EPS, and thus its 
properties has been known to occur in order for bacterial attachment, therefore 
it is likely to be happening during chalcopyrite oxidation in response to new 
surface species73.  
The CLSM analysis results indicate that the exopolysaccharide, RNA etc., and 
lipids and hydrophobic domains of the A.f biofilm are much more evenly 
distributed than suggested by analyses that have used chemical isolation, 
extraction and purification techniques. It shows that the biofilm reaches 
maturity with the coverage and thickness of the EPS components plateauing 
within 3 days on chalcopyrite, and within 3-7 days on copper sulphide. Apart 
from coverage, the plateau in thickness of the EPS components occurs within a 
similar range on each substrate, but the individual constituents are variable 
within the biofilm on each mineral. Whilst CLSM analysis is somewhat subjective 
due to the specificity of stains for particular molecules or functional groups, the 
results demonstrate new information not previously known before60. Further 
studies are required to verify the results, but they suggest that the surface 
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species produced during the oxidation of these minerals impacts on the EPS 
composition, which is likely to be directly related to leaching efficiency.  
5.3 Conclusion 
The SEM and CLSM experiments highlight the difficulty of using the former 
technique for studying the biofilm and its EPS. The SEM studies emphasise the 
necessity for both ESEM and BSE methods. Whilst examination of the biofilm is 
recommended in the hydrated natural state to mimic real situations; 
identification of biological material can prove difficult on bioleached surfaces 
using ESEM, unless correlated with elemental contrast provided by BSE. Back 
scatter electron detection was extremely important in distinguishing biological 
material from other artefacts that appeared similar in either ESEM or SE mode. 
Energy dispersive x-ray also proved valuable in distinguishing between biological 
material, artefacts and mineral surfaces, as analysis indicates that the EPS and 
A.f biofilm are largely composed of carbon and smaller quantities of oxygen, 
chlorine and possibly phosphorous. 
The appearance of EPS matrix and biofilm was shown to be diverse on each of 
the sulphide minerals after it is fixed using the same chemicals in different 
buffering systems. Phosphate buffer solution was determined to be ineffective in 
fixing the biofilm on copper sulphide particles, as the higher reactivity of the 
surface and low solubility of copper phosphate, lead to its precipitation and 
impediment of surface and biofilm analyses. The differing appearance of the A.f 
biofilm on each of the mineral surfaces correlates well with the differences 
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observed for the thickness of the EPS components on each mineral analysed 
with CLSM. Analysis of the fluorescent staining of the three different types of 
EPS components was successful with triplicate staining. Differences were 
observed in the amount of particle coverage between the mineral substrates 
and thickness of the individual EPS constituents analysed varied significantly on 
chalcopyrite, and not on copper sulphide.     
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Chapter Six   
Chemical & Biological Leaching of 
Copper(I) Sulphide & Chalcopyrite 
Particles 
6.0 Introduction & Aims 
The utilization of copper(I) sulphide as a model system to study the EPS relies on 
its ability to emulate the characteristics of chalcopyrite leaching. In chapter four, 
the first proposed copper sulphide thin film samples were shown to 
demonstrate similar trends in leaching with respect to copper dissolution as a 
function of pH, iron(III) concentration and redox potential changes. However, in 
bioleaching conditions the degradation of these films was too fast to be a 
suitable substrate, and the bioleaching behaviour of copper(I) sulphide could not 
be analysed and compared to chalcopyrite. In the previous chapter, A.f biofilms 
were grown and the EPS analysed on an alternative sample of embedded 
copper(I) sulphide or chalcopyrite particles. The EPS studies should be related to 
the leaching behaviour of the mineral, therefore, here this type of substrate is 
investigated. Whilst the current monitoring methods of pH, redox potential, and 
concentrations of copper and iron provides useful information about the media 
and efficiency of leaching reactions, the wealth of knowledge that lies in the 
changes that occur to the actual mineral surface remains undiscovered. In the 
same manner that copper leaching from the CuxS thin films were quantitated, 
white light interferometric profilometry (WLIP) and scanning electron 
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microscopy (SEM) with energy dispersive x-ray spectroscopy (EDS) were used to 
study the direct changes to the mineral particle surface topography, morphology 
and composition. After all, this is where the key processes leading to more 
efficient copper dissolution occur.   
Copper extraction from copper(I) sulphide particles is compared to that of 
chalcopyrite particles in chemical and biological media to assess their leaching 
behaviour. The changes to each sulphides surface properties were quantitated 
by mean valley depth, mean surface roughness (Sa), and chemical composition, 
as well as, media conditions, pH, redox potential, aqueous copper and iron(III) 
concentration are examined in their entirety to determine the dominating 
leaching reactions.  
6.1 Chemical Leaching of Copper(I) Sulphide & Chalcopyrite 
Particles 
The effect of the media redox potential on the leaching efficiency of copper was 
investigated by utilising White light interferometric profilometry (WLIP). Samples 
of copper(I) sulphide particles and chalcopyrite particles embedded in resin were 
leached in ≈pH 1 media containing a total of 1g/L iron sulphate prepared with 
different ratios of iron(II) sulphate and iron(III) sulphate. Previously, in chapter 
four, the effects of leaching were evaluated by changes in the peak height of 
deposited copper sulphide bands. However, as the mineral component is 
embedded within a surface of resin, evaluation was assessed by quantifying the 
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average change in the mean valley depth and surface roughness, Sa, before and 
after a 24 hours leaching period (Figure 6.0a and b).  
As discussed in chapter four (section 4.1.4), the redox potential is a crucial factor 
impacting on the copper extraction from copper sulphide-containing minerals. 
The dissolution rate and yield of copper from copper(I) sulphide and chalcopyrite 
are different due to their mineral chemistry, and the redox potential controls the 
allowable reactions. The bonds between the copper and sulphur atoms in 
copper(I) sulphide are orthorhombic or monoclinic, whereas the lattice structure 
of chalcopyrite also contains iron, which affects the extraction of copper1, 2. The 
leaching efficiency of these two copper sulphide minerals according to redox 
potential as determined by the ratio of iron(II) to iron(III) is shown in Figure 6.0a. 
Copper leaching was significantly greater for both sulphide samples treated with 
iron(II) sulphate and iron(III) sulphate ratios of 1:0 and 1:1, where the average 
initial redox potentials were 336 ± 0 mV or 388 ± 1 mV and 470 ± 0mV or 473 ± 
0mV vs. Ag/AgCl 3MKCl (n=3), for copper(I) sulphide and chalcopyrite, 
respectively. However, the average change in mean valley depth of the copper(I) 
sulphide particles was markedly larger than that of the chalcopyrite particles. 
Both samples experienced an increase in mean valley depth when leached with 
the media of higher initial redox potential. This is in remarkable contrast to the 
copper leaching efficiency of copper(I) sulphide and chalcopyrite particle 
samples leached in only iron(III) sulphate, where the average initial redox 
potentials were 630 ± 0mV and 649 ± 1 mV vs. Ag/AgCl 3MKCl (n=3), 
respectively; changes in mean valley depth were similar despite differences in 
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mineral composition, and considerably smaller than those at the other two 
lower redox potential conditions by 35-55%. 
The changes in mean surface roughness (Sa) reflect the changes observed in 
mean valley depth. The mean Sa were comparable for copper(I) sulphide and 
chalcopyrite at the specific redox potentials, although the magnitude differed 
(Figure 6.0b). As with the mean valley depth, greater changes were evinced for 
copper(I) sulphide particles. An increase in mean Sa was observed for samples 
treated with media of increased redox potential, 336 ± 0 mV or 388 ± 1 mV 
versus 470 ± 0mV or 473 ± 0mV vs. Ag/AgCl 3MKCl (n=3), and the change in 
mean Sa was at its lowest when leached at 630 ± 0mV and 649 ± 1 mV vs. 
Ag/AgCl 3MKCl. However, unlike the changes in mean valley depth, where the 
difference between samples leached at the different redox potentials was more 
significant, the difference between the changes in mean Sa was statistically 
minor.  The differences and observations between changes in the physical 
properties of the particle surfaces can be explained by considering the combined 
overall processes involved in leaching.  
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a)       
b)      
Figure 6.0: Effect of redox potential on the leaching efficiency of copper(I) sulphide particle 
samples (n=10) and chalcopyrite particle samples (n=10). Samples were leached for 24 hours in 
a ≈pH 1 media containing a total iron sulphate concentration of 1 g/L prepared with different 
ratios of iron(II) sulphate and iron(III) sulphate (1:0, 1:1, 0:1) that correspond to different redox 
potentials (≈330-380mV,  ≈470mV, ≈630-650mV, respectively), quantitated by a) the average 
change in mean valley depth before and after treatment, and b) the average change in mean 
roughness Sa, where the error bar is equal to 1 standard deviation.  
Changes to the morphology, elemental composition, and physical characteristics 
of the sample surfaces in combination with changes in the media conditions 
govern the chemical leaching behaviour. As outlined in chapter four, there are a 
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number of competing reactions involved in the leaching of copper sulphides that 
alter the pH and affect the redox potential through the quotient of ferrous to 
ferric iron (equations 34 - 40). Chalcopyrite introduces a new complexity with 
the release of ferrous iron from the mineral lattice accompanying copper 
extraction (equation 36 and 37). The surface morphology and elemental 
composition of the two different samples were investigated using SEM-EDS. 
These results determined the source of changes in the physical characteristics of 
surface analysed by WLIP. Net changes in pH and redox potential revealed 
information regarding the dominating leaching reactions. Collectively all the data 
provides an overall interpretation of how the redox potential affects the 
chemical leaching of the different copper sulphide samples. These can be 
compared to authenticate the applicability of the proposed copper(I) sulphide 
model system for chalcopyrite.  
Cu2S(s)+ 4Fe     (aq)3+ →  2Cu     (aq) 2+ + 4Fe     (aq)2+ +S(s)                                                       [34] 
2Cu2S(s) + O2 (g) + 4H   (aq)+ →  4Cu     (aq)2+  + 2S(s)+ 2H2O (l)                                          [35] 
CuFeS2(s) + 4Fe     (aq)3+ →   Cu     (aq) 2+ + 5Fe     (aq) 2+ + 2S(s)                                                [36] 
CuFeS2(s) + 4O2 (g) + 4H  (aq)+ →   Cu     (aq)2+  + Fe     (aq)2+ + 2H2SO4 (l)                               [37] 
2Fe     (aq)
2+  + 4H   (aq)+  + O2 (g) → 2Fe     (aq)3+  + 2H2O (l)                                                       [38] 
Fe     (aq)
3+  + 3H2O (l) →  Fe(OH)3 (s) + 3H  (aq)+                                                                   [39] 
Fe     (aq)
3+  + M   (aq)+  + 2SO4 (aq) - + 6H2O(l) →  MFe(SO4)2(OH)6 (s)+ 6H   (aq)+               [40] 
Equations 34 – 40: chalcocite and chalcopyrite chemical leaching reactions showing how pH 
can change through the consumption and production of protons, and how the redox potential 
can change through the oxidation of ferrous iron and reduction of ferric iron. 
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The surfaces of the copper(I) sulphide particles leached at the different redox 
potentials examined by SEM-EDS showed differences in their physical 
characteristics. The sample surface before any leaching is depicted in figure 6.1. 
Directional lines from the sample preparation, and some cracking within the 
particles was evinced. To the naked eye the pellets were dark gray/black in 
colour, however, optical inspection revealed particle surfaces pale blue, light 
cobalt blue and light copper in colour, and surfaces with a mixture of two or all 
of these colours (figure 6.1a). This indicates that the between and within the 
particle surfaces there were heterogeneous amounts of copper, as each of the 
different stoichiometric and non-stoichiometric copper sulphides transmits and 
reflects different colours3.  These same properties were also observed in SEM, 
however, the extent of the cracking is more readily discerned (figure 6.1b). A 
greater presence of cracking, mostly localized to areas at the particle edges can 
been seen. At higher magnifications the particles observed optically with areas 
of different colour show phase contrast, which also suggests they are of different 
composition (figure 6.1c). EDS analysis targeting only the darker and lighter 
areas of the particles confirmed this, showing differences in the ratio of 
elemental copper and sulphur, with greater copper content observed in the 
areas of lighter phase contrast (Table 6.0). This coincides with the greater 
number of back-scatter electrons within copper that contribute to the signal4. 
These results signify the high reactivity of copper(I) sulphide, and the difficulty in 
avoiding oxidation to the particle surfaces during sample preparation. However, 
despite the presence of these regions with differing copper to sulphur ratio, the 
average composition was determined to have a ratio of 1.73 ± 0.22 (n=3), 
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representative of anilite with some geerite, digenite and possibly also djurleite 
(Table 6.1). 
a)  b)  
c)   
Figure 6.1: Copper(I) Sulphide particle surfaces after sample preparation, before leaching. a) 
Optical image X50, showing the presence of different coloured particles representative of 
different copper sulphide species. b) SEM back-scatter electron image, depicting extensive 
cracking, localized to particle edges. c) Higher magnification SEM back-scatter electron image 
of phase contrast within particle, representative of different copper sulphide species. 
Table 6.0: EDX microanalysis of the atomic percent of copper and sulphur, its ratio, and 
the likely species of copper(I) sulphide from different phase contrast regions of the 
copper(I) sulphide particle surfaces before leaching (n=1). 
Area examined Copper Sulphur Cu:S ratio *Species 
Dark Phase 57.74 42.26 1.37 Spionkopite 
Light Phase 63.06 36.94 1.71 Anilite   
*Species with the closest Cu:S ratio to the measured ratio. 
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The sample surface after leaching at different redox potentials i.e.: different 
ratios of iron(II) and iron(III) sulphate (1:0, 1:1, 0:1) is depicted in figure 6.2. 
Treatment in all conditions shows evidence of localized chemical attack, 
illustrated by widespread phase contrast within particles and particle 
dislodgment. There are no obvious topographical features at this magnification 
that explains the differences observed in mean valley depth. However, at a 
higher magnification the surface of a copper(I) sulphide particle leached in a 1:1 
ratio of iron(II) and iron(III) sulphate of 470mV, demonstrates a larger proportion 
of darker phase areas in comparison to the particle before treatment (figures 
6.2d, and 6.1c, respectively). As previously discussed, the phase contrast was 
established to denote differences in copper content. As such, EDS analysis of the 
ratio of copper and sulphur in the particles after leaching at the different redox 
potentials was shown to demonstrate differences in copper content between 
the unleached and different redox potential leached surfaces, and thus copper 
extraction (Table 6.1). The particles treated with an initial redox potential of 
336mV showed less phase contrast (figure 6.2a), meaning there were not as 
many different copper sulphides present on the surface. The EDS results 
supported this observation with the average copper to sulphur ratio 
demonstrating the presence of a single sulphide species, yarrowite. Whereas, 
the particles leached at 470mV and 630mV demonstrated visible phase contrast 
at the same magnification, with greater proportion of darker regions in the 
surface treated at 470mV. This aligned with a greater decrease in copper to 
sulphur ratio, as well as mean valley depth in this sample. Visual examination of 
these samples with the naked eye revealed surfaces noticeably different colour; 
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pale blue vs. light cobalt blue, respectively. Despite the lack of phase contrast 
observed in the surfaces treated at 336mV, the colour of particles were similar 
to those leached at 470mV. This indicates surfaces with similar composition, and 
was supported by the EDS, which show the leached surfaces of both contain 
yarrowite.  However, because of the greater phase contrast in the surfaces 
treated at 470mV, the average copper to sulphur ratio including 1 standard 
deviation demonstrated the presence of a second species; spionkopite. These 
results conflict with the changes observed in the mean valley depth of the 
surface by suggesting that more copper has been extracted leaching with the 
iron(II) only media. When considered in combination with the changes in mean 
surface roughness of the particles and media conditions (to be discussed) it 
becomes evident that the leaching of copper(I) sulphide in iron(II) only media 
occurs at a slower rate, but leads to a single copper deficient sulphide with a low 
amount of copper. Whereas, leaching in a 1:1 ratio of iron(II) and iron(III) is more 
active, and occurs at a faster rate, liberating regions containing a variety of 
copper deficient sulphides depending on the stage of leaching. This accounts for 
the greater change in mean valley depth and mean surface roughness, as well as 
surface composition.   
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Table 6.1: EDX microanalysis of the average atomic percent of copper and sulphur, and its 
ratio present on copper(I) sulphide particles before and after leaching in media containing 
different ratios of iron(II) sulphate and iron(III) sulphate (1:0, 1:1, 0:1) (n=3). 
Test 
Condition Copper Sulphur *Cu:S ratio 
**Particle 
Colour 
***Species 
Before 
Leaching 
63.22 ± 2.95 36.78 ± 2.95 1.73 ± 0.22 Dark gray/Black 
Djurleite, 
Digenite, Anilite, 
Geerite 
Fe(II) 
Only 
336mV 
56.11 ± 0.99 43.89 ± 0.99 1.28 ± 0.05 Pale Blue/silver 
Spionkopite 
Yarrowite 
Equal 
Fe(II) & 
Fe(III) 
470mV 
57.82 ± 3.40 42.18 ± 3.40 1.38 ± 0.20 Pale Blue 
Spionkopite, 
Yarrowite 
Fe(III) 
Only 
630mV 
62.73 ± 2.95 37.27 ± 2.95 1.69 ± 0.14 
Light Cobalt 
Blue 
Digenite, Anilite, 
Geerite 
*Calculated average from the individual spectra results, and not average atomic percentage 
results. 
**Visual inspection. 
***Based on measured ratio and 1 standard deviation of error. 
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a)  b)  
c)  d)   
Figure 6.2: Copper(I) Sulphide particle surfaces after leaching for 24 hours. Samples were 
leached in a ≈pH 1 media containing a total iron sulphate concentration of 1 g/L of different 
initial redox potentials (388mV, 437mV and 663mV) prepared with different ratios of iron(II) 
sulphate and iron(III) sulphate (1:0, 1:1, 0:1, respectively). a) SEM image of surfaces treated at 
initial redox potential 336mV, showing phase contrast with larger proportions of lighter 
regions. b) SEM image, of surfaces treated at initial redox potential 470mV, showing phase 
contrast with larger proportions of darker regions. c) SEM image, of surfaces treated at initial 
redox potential 630mV, showing little phase contrast. d) Higher magnification SEM image of 
surfaces treated at initial redox potential 470mV, showing phase contrast with the extent of 
larger proportions of darker regions. 
The surfaces of the chalcopyrite particles leached at the different redox 
potentials examined by SEM-EDS did not exhibit differences in their physical 
characteristics. The sample surface before any leaching is depicted in figure 6.3a. 
To the naked eye no differences in colour between the pellets treated at each of 
the redox potentials was observed. However, in all cases, the surfaces did 
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appear to look rougher after leaching. Optical inspection revealed homogenous 
particle surfaces light brown in colour. Therefore, no inferences could be made 
as to the surface composition of the leached chalcopyrite from the different 
conditions. SEM analyses supported the initial observations. Treatment in all 
conditions showed evidence of localized chemical attack, illustrated only in areas 
where particles were extremely fragmented or creviced (figure 6.4). There were 
no noticeable differences between the chalcopyrite particle surfaces leached at 
the different redox potentials, that explains the differences observed in mean 
valley depth and surface roughness. Directional lines from the sample 
preparation, and some slightly darker areas were observed within crevices, only 
at higher magnifications (figure 6.4d). Cracking within particles was also evinced, 
but unlike the leaching of the copper sulphide, there was minimal to no phase 
contrast, suggesting the particle compositions were homogenous. EDS analysis 
of the ratio of copper and iron in the particles after leaching at the different 
redox potentials was examined to assess the differences in copper content 
between the unleached and different redox potential leached surfaces, and thus 
copper extraction (Table 6.2). The differences in elemental composition of the 
chalcopyrite particles after leaching were so minute that they are insignificant 
(Table 6.2). These results validate the low reactivity of chalcopyrite, and the 
difficulty in determining the surface content after leaching using this technique. 
Whilst EDX analyses proved valuable in identifying the species present after 
leaching of copper(I) sulphide particles, it is not useful for the same purposes 
when chemical leaching chalcopyrite, due to insufficient sensitivity.  
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Table 6.2: EDX microanalysis of the average atomic percent of copper, iron and sulphur, 
and the ratio of copper to iron present on chalcopyrite particles before and after leaching 
in media containing different ratios of iron(II) sulphate and iron(III) sulphate (1:0, 1:1, 0:1) 
(n=5). 
Test Condition Copper Iron Sulphur *Cu:Fe ratio 
Before Leaching 27.17 ± 1.09 26.65 ± 0.70 46.18 ± 1.11 1.02 ± 0.06 
Fe(II) Only 388mV 26.83 ± 1.54 26.98 ± 1.36 46.18 ± 0.45 1.00 ± 0.11 
Equal Fe(II) & Fe(III) 
437mV 25.80 ± 0.83 26.51 ± 0.55 
47.68 ± 1.06 0.97 ± 0.04 
Fe(III) Only 663mV 27.01 ± 1.61 25.87 ± 0.76 47.12 ± 1.09 1.05 ± 0.09 
*Calculated average from the individual spectra results, and not average atomic percentage 
results. 
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a)  b)
c)   
d)  
Figure 6.3: SEM-EDS analysis of the chalcopyrite particle surface as prepared, prior to any 
leaching treatment.a) Optical image, b) SEM back-scatter electron image, c) SEM image 
showing EDS acquisition position, and d) EDS spectra, identifying the presence of copper, iron 
and sulphur. 
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a)  b)  
c)  d)  
e)  f)  
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g)  
Figure 6.4: Chalcopyrite particle surfaces after leaching for 24 hours. Samples were leached in a 
≈pH 1 media containing a total iron sulphate concentration of 1 g/L of different initial redox 
potentials (388mV, 437mV and 649mV) prepared with different ratios of iron(II) sulphate and 
iron(III) sulphate (1:0, 1:1, 0:1, respectively). SEM images representative of particle surfaces 
treated at an initial redox potential of; a) 388mV, b) 437mV, and c) 649mV, showing particle 
surfaces cracking and fragmentation. SEM images at higher magnification treated at an initial 
redox potential of; d) 388mV, e) 437mV, and f) 649mV, showing the extent of weathering. g) 
Higher magnification SEM image of a particle surface treated at initial redox potential 437mV, 
showing the honeycomb appearance of the weathering caused by chemical leaching. 
During the leaching of copper(I) sulphide and chalcopyrite particles, the changes 
in the redox potential of the medias with the same composition behaved 
similarly, but to different extents (figure 6.5, tables 6.3 and 6.4).  The initial 
redox potential of the solutions containing iron experienced changes trending 
towards an equilibrium range of ~400-500mV, where the concentration of 
iron(II):iron(III) ions would be equivalent. A slight increase in the redox potential 
was demonstrated for samples treated in iron(II) only medias, demonstrating an 
increase in the concentration of iron(III) ions. This is expected to be the 
consequence of ferrous iron oxidation, as iron(III) ions are required to oxidise 
the minerals (equation 34). A minor decrease for samples treated with a ratio of 
1:1, and an extreme decrease in the media initially composed of only iron(III) is 
representative of an increase in the concentration iron(II) ions. This is assumed 
to be the result of iron(III) ion consumption through mineral oxidation 
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(equations 35 and 36), as it is unlikely that precipitation contributed to this, 
because iron(III) is soluble at the pH experienced throughout leaching. The 
changes in redox potential were more remarkable for the media prepared with 
either only iron(II) or only iron(III) sulphate, as the initial redox potential was 
much farther from the equilibrium potential range. The initial potential of the 
media containing no iron was a little greater than the iron(II) media (348mV), but 
remained fairly constant throughout the duration of leaching demonstrating that 
the changes observed in the iron containing media are representative of changes 
in the concentration of iron(II) and iron(III) ions. The difference between the 
medias used to treat copper(I) sulphide and chalcopyrite was the amount of 
change that occurred to the redox potential. 
The changes in redox potential throughout leaching of the chalcopyrite sample 
in all medias was of a lesser magnitude than the copper(I) sulphide sample. This 
can be explained by the minerals slower oxidation rate, as observed in the 
average change in mean valley depth and mean Sa. Greater amounts of iron(II) 
ions are produced during chalcopyrite oxidation, as iron is preferentially leached 
from the mineral lattice prior to copper, and this should cause a greater 
decrease in the redox potential. However, iron(III) is constantly being generated 
through ferrous oxidation, albeit, at a slow rate. This coupled with less mineral 
oxidation means there is a reduced amount of iron(III) reduction occurring, as 
well as iron(II) production, resulting in a higher redox potential than the media 
with copper(I) sulphide samples throughout leaching. This is also supported by 
the changes in pH and particle surface properties throughout the treatment of 
the different sulphide samples. The pH change was larger in the iron(II) only 
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containing solution compared to the iron(III) only solution, because more ferrous 
oxidation occurred (table 6.4). However, the redox potential change was smaller, 
as the iron(III) ions produced were used to oxidise chalcopyrite, as demonstrated 
in the larger change in mean valley depth and mean Sa observed for particles 
treated in the iron(II) only prepared leaching solution (figure 6.0).  
The changes in pH experienced during the leaching of copper(I) sulphide and 
chalcopyrite particles by the different initial redox potential medias support the 
changes demonstrated in the mean valley depth and redox potential. An 
increase in pH was shown by the three medias used to treat copper(I) sulphide. 
With no iron present, the pH change was observed within the error of the 
instrument, and the sample leached in iron(III) only media showed an equivalent 
change. This demonstrates that the change in redox potential of the iron(III) only 
media was likely due to mineral oxidation, with minimal if any ferrous oxidation 
occurring. Whereas, the magnitude of pH increase of the iron(II) only media and 
combined 1:1 media was between 2 to 3 times larger than the media with no 
iron, and was greater in the solution with initially equal parts iron(II) and iron(III). 
A bigger pH increase in the 1:1 media equates to more ferrous iron oxidation, 
and thus should produce growth in the redox potential. However, the greater 
change in mean valley depth means that there was also more oxidation of the 
mineral and thus reduction of iron(III). Therefore, the redox potential does not 
change as significantly, because there is an approximately uniform rate of both 
iron(III) generation and consumption. In the iron(II) only media there was both a 
smaller increase in pH and change in mean valley depth. This means there was 
less oxidation of the mineral and thus reduction of iron(III) generated from 
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abiotic iron(II) oxidation contributing to the increase in redox potential.  The 
change in pH from before to after leaching of chalcopyrite in the different iron 
containing medias was quite different to that of the copper(I) sulphide particles. 
Larger increases were observed for media equivalents in the initially single iron 
species media, and a minor decrease was observed for the 1:1 ratio media. This 
can be explained by the differences in the two sulphide compositions. 
Chalcopyrite contains iron, whereas copper(I) sulphide does not. As stated 
previously, the leaching of chalcopyrite involves preferential release of iron(II) 
ions. These are additional to any iron used to prepare the solution.  Therefore, 
with a greater amount of iron present within the media used to leach 
chalcopyrite, more ferrous oxidation where protons are consumed is possible. 
Different proton-consuming behaviour was observed for the different sulphide 
mineral particles despite being treated in media with similar redox potential 
conditions. However, the values observed are less than one tenth of a pH unit, 
and almost non-significant when compared to the copper(I) sulphide particles 
treated in the absence of iron. These pH changes during the leaching of the 
copper sulphide and chalcopyrite particles were much smaller in magnitude than 
that experienced during the chemical leaching of Cu1.85S thin films, which 
experienced changes 2 – 4 times larger (table 4.1, chapter 4). This suggests that 
more copper was leached from the thin films than the particle samples. Whilst 
the physical changes to the surfaces cannot be used to ascertain this as leaching 
was quantitated by different measures (peak height and step height vs. valley 
depth, respectively). However, the EDS analysis of the copper(I) sulphide film 
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and particle composition after leaching supports this claim with a lower copper 
to sulphur ratio exhibited by the thin films (Table 6.1 this chapter and Table 4.0 
Chapter 4, respectively). Unlike the leaching of the thin films and chalcopyrite 
particles where the pH was taken before and after leaching, the pH of the 
copper(I) sulphide particles was monitored at 6 minute intervals. This showed 
that average pH during the leaching of copper(I) sulphide was close to the final 
pH, indicating that the pH increase occurs quite rapidly. 
 
Figure 6.5: Change in redox potential throughout the leaching of copper(I) sulphide and 
chalcopyrite for 24 hours. Samples were leached in  ≈pH 1 media containing a total iron 
sulphate concentration of 1 g/L prepared with different ratios of iron(II) sulphate and iron(III) 
sulphate (1:0, 1:1, 0:1, respectively) and no iron sulphate, where the solid lines show leaching 
of copper(I) sulphide, and the markers represent the leaching of chalcopyrite. 
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The minute increases in pH were deemed to be due to ferrous ion oxidation, as 
the acidic leaching of these sulphide minerals is independent of proton 
concentration and/or not kinetically favourable in the presence of iron5-9. 
However, to understand the dominant reactions occurring during the leaching of 
these different samples the changes in redox potential must also be considered. 
Table 6.3: pH and redox potential conditions of the leaching medias containing no iron 
sulphate and different ratios of iron(II) sulphate and iron(III) sulphate (1:0, 1:1, 0:1) 
throughout leaching of copper(I) sulphide particles for 24 hours.  
Test Conditions pH Average pH 
ΔpH eH Average eH 
Media 
Appearance 
Fe(II) Only 
Initial 1.015 
1.032 +0.024 
336.3mV 
382.3mV transparent clear Final 1.039 396.7mV 
Equal Fe(II) & 
Fe(III) 
Initial 1.005 
1.031 +0.033 
469.5mV 
456.6mV transparent slightly blue  
Final 1.038 450.6mV 
Fe(III) Only 
Initial 1.006 
1.015 +0.010 
630.3mV 
519.3mV transparent clear 
Final 1.016 500.3mV 
No Iron 
Initial 1.007 
1.021 +0.013 
347.6mV 
347.3mV transparent slightly green 
Final 1.020 348.3mV 
 
Table 6.4: pH and redox potential conditions of the leaching medias containing different 
ratios of iron(II) sulphate and iron(III) sulphate (1:0, 1:1, 0:1) throughout leaching of 
chalcopyrite particles for 24 hours.  
Test Conditions pH ΔpH eH ΔeH Media Appearance 
Fe(II) Only 
Initial 1.034 
+0.065 
388.7mV 
+4.2mV transparent clear 
Final 1.099 392.9mV 
Equal Fe(II) & 
Fe(III) 
Initial 1.021 
-0.010 
473.0mV 
-5.7mV transparent clear 
Final 1.011 467.3mV 
Fe(III) Only 
Initial 1.024 
+0.036 
649.0mV 
-117.7mV transparent clear 
Final 1.060 531.3mV 
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The results of changes in the mean valley depth, mean Sa, and elemental 
composition of the copper(I) sulphide particles leached in different acidic ferric 
sulphate media were consistent with the leaching behaviour of chalcocite. These 
mimicked the changes in the physical properties of the substrate and chemical 
properties of the leaching solution seen with the leaching of the copper sulphide 
thin films (discussed in chapter three). This was not surprising as the EDS 
analyses of the film and particle copper sulphide substrates, as prepared, both 
contained a mixture of the same species (djurleite, digenite, anilite and geerite, 
table 4.0 chapter four, and table 6.0 in this chapter). Copper dissolution 
proceeded through the formation of non-stoichiometric intermediates, and the 
copper sulphide species yielded after leaching were in agreement with those 
expected by the Eh-pH diagram for the Cu-S-H2O system 1, 6, 10, 11. As discussed in 
chapter three, the rate of reaction is dependent on the ferric iron 
concentration/redox potential, and limited by the diffusion of ferric iron to the 
mineral surface1. Therefore, greater leaching occurs in solutions containing more 
iron(III), such as that observed in the media containing 1:1 iron(II) and iron(III) at 
an initial ORP of 470mV. However, the actual amount of copper released is 
contingent on the phase transformation that occurs, which is controlled by the 
redox potential and charge transfer at the surface11, 12. Therefore, even though 
the solution prepared solely with iron(III) sulphate contains the most ferric ions, 
the dissolution of more copper from the particles treated with this solution 
versus the 1:1 ratio solution is inhibited by the larger redox potential, which 
allows phase transformations that release less copper. This also explains the 
minor differences in the resultant copper-to-sulphur ratio between the leached 
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films and leached particles that were observed, as this is the consequence of 
differences in the redox potential experienced by each type of substrate sample 
throughout leaching. The results of change in the mean valley depth, mean Sa 
and copper sulphide species after treatment with different ratios of iron(II) and 
iron(III) sulphate clearly demonstrate clearly that the rate and yield of extracted 
copper from copper(I) sulphide is determined by the combination of ferric ion 
concentration and redox potential.  
Changes in the mean valley depth, and mean Sa of the chalcopyrite particles 
leached in different acidic ferric sulphate media were equivalent to those 
observed during the leaching of copper(I) sulphide particles. Whereas, changes 
in the copper-to-iron-to-sulphur ratio were unquantifiable, as the EDS technique 
was not sensitive enough to measure any significant differences. These results 
are accounted for by considering the different elemental compositions and 
chemistry of the sulphides.  Chalcopyrite contains iron and has a tetragonal 
shaped mineral lattice, which has a higher activation energy than the 
orthorhombic or monoclinic shaped copper(I) sulphide lattice1, 2, 6. Despite this, 
the changes in the surface properties of the particles are shown to increase with 
increasing initial potential from ≈330-380 to ≈470mV, and then decrease at an 
initial potential of ≈630 - 650mV for both sulphides.  However, the different 
mineral composition and structure was observed to influence the degree of 
leaching. The average change in mean valley depth was approximately double, 
and the average change in mean Sa was at least 0.03µm more for copper(I) 
sulphide leaching than chalcopyrite. Therefore, less dissolution occurs from 
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chalcopyrite when leached in the same initial conditions as copper(I) sulphide, 
because the mineral is less reactive. Yet, this does not impact on the relationship 
between changes in the physical properties of the particle surfaces and redox 
potential.    
Changes in the mean valley depth of the leached surfaces of copper(I) sulphide 
particles and chalcopyrite particles support the contention that copper leaching 
increases with redox potential up to a threshold ‘optimal’ potential. Leaching 
then decreases or ceases with further increases in potential due to changes in 
the composition of the surface, which have different energy gaps, 
decomposition potentials, and activation energies, and in the case of 
chalcopyrite sometimes these species passivate the surface preventing further 
oxidation1, 3, 9, 11-22. This was highlighted in  chapter 4, where the copper 
dissolution from copper(I) sulphide thin films was maximal between 434 and 
484mV vs. Ag/AgCl 3M KCl, producing covellite. This corresponds with the 
‘optimal’ redox potential range observed for copper extraction from 
chalcopyrite, and chalcocite1, 11, 20, 22-24. Yet again, greater average increases in 
the mean valley depth, ~10% and ~35-55% were evinced within the surfaces of 
both sulphide particle samples leached in ‘optimal’ redox potential conditions 
(473 ± 6 mV) compared to the low and high redox potential conditions, 
respectively.  
The chemical leaching studies performed here demonstrate that the copper(I) 
sulphide particle samples emulate the firstly proposed model system, Cu1.85S 
thin films. The leaching behaviour is shown to exhibit that of chalcocite, as 
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described in the literature1, 10, 25.  Differences in the copper to sulphur ratio 
observed between the two types of samples (films and particles) is accounted 
for by the differences in structure and surface area. The particles that compose 
the film, are more amendable to oxidation than those apart of a crystal lattice. 
However, more importantly, the copper(I) sulphide particles demonstrate the 
same trends in copper extraction, measured as mean valley depth, as 
chalcopyrite particles, the template mineral in similar media conditions. Albeit, 
this occurs at a faster rate from copper(I) sulphide due to the lower activation 
energy of the sulphide and simpler crystal structure. The literature describes a 
ferric iron concentration/redox potential dependent leaching relationship for 
both sulphide minerals, however, the reason behind why leaching decreases 
above the threshold potential when leaching in acidic ferric sulphate media is 
reported as different1, 2, 8, 10, 11, 14, 20, 24, 26.   The leaching of copper(I) sulphide 
occurs in two stages; progressive copper extraction producing non-
stoichiometric copper sulphides until covellite is yielded, followed by the slow 
dissolution of covellite1, 6, 9, 11. The phase transformations are largely governed by 
redox potential, and too high a potential is unfavourable to copper extraction. It 
is the second stage of leaching that is problematic1, 26. Whereas, the chemical 
leaching of chalcopyrite is stated to be prohibited by passivation2, 14, 19, 23, 24, 27-32. 
However, there were no indications of this having occurred during the leaching 
period conducted. SEM-EDS was effective for discerning the changes in surface 
composition, whereas, the technique was not sensitive enough to discern 
changes in the ratio of elements within chalcopyrite. Although there is known to 
be some differences in the cause of slowing leaching kinetics or cessation of 
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leaching between these minerals, the jarosite or pure sulphur that is sometimes 
observed during the leaching of chalcopyrite was not detected. Therefore, at pH 
≈1, copper(I) sulphide and chalcopyrite leach similarly in media composed of 
1g/L iron sulphate at redox potentials 350 – 480mV Vs. Ag/AgCl 3MKCl. 
However, in order for copper(I) sulphide to be an appropriate model, both 
chemical and bioleaching behaviour of chalcopyrite is required to be mimicked. 
With the chemical leaching of the two sulphides exhibiting the same behaviour, 
the bioleaching of these sulphides was investigated. 
6.2 Bioleaching of Copper(I) Sulphide & Chalcopyrite Particles 
The bioleaching efficiency of copper was investigated by utilising WLIP in the 
same manner as chemical leaching. Samples of copper(I) sulphide particles and 
chalcopyrite particles embedded in resin were leached in A.f inoculated and non-
inoculated 9K media with an initial pH ~1.8 for up to 21 days and the copper 
extracted evaluated by quantifying the average change in the mean valley depth 
and mean surface roughness, Sa before and after a 24 hour leaching period 
(Figure 6.6). In addition, changes in pH, redox potential, and aqueous copper, 
iron(II), and iron(III) concentrations were monitored to fully understand the 
leaching processes occurring (Figures 6.10, 6.12 and 6.13).  
Copper extraction from copper(I) sulphide and chalcopyrite particles during 
bioleaching was distinct and greater than chemical leaching. The leaching 
behaviour of copper was studied by evaluating the physical changes to the mean 
valley depth and surface roughness with time. Figure 6.6 shows that the changes 
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that occur to mean valley depth within the surface of copper(I) sulphide particles 
treated with A.f inoculated and non-inoculated medias exhibit a similar trend, 
whereas, there was a significant difference in the changes that occurred to the 
leached chalcopyrite particles. The change in mean valley depth of the 
chalcopyrite sample leached in the non-inoculated media displayed negligible 
change in the first seven days (a maximum of 0.12µm), whereas, the changes 
exhibited to the bioleached particles were observed to show a noticeable change 
in mean valley depth within the first 3 days (of ≈0.3µm), with little to no change 
thereafter (figure 6.6a). Data for the chalcopyrite particles leached in the 
absence of A.f after day 7 was excluded due to contamination. Both copper(I) 
sulphide samples displayed changes that were equivalent after the first 7 days of 
leaching, with the average change in mean valley depth increasing to ≈0.28 - 
0.4µm. The rate of change increased over the second 7 day period with the 
changes substantially greater for particles leached without A.f (at least 7µm) 
(figures 6.6b). The changes in mean valley depth during bioleaching of both 
sulphides was similar in the first 3 days, slightly greater by day 7, and 
significantly greater thereafter for copper(I) sulphide (figure 6.6c). These parallel 
with the pattern observed in the changes that occurred to the surface roughness 
Sa of both sulphides (figure 6.7). 
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a)                       
b)                         
 
c)                            
Figure 6.6: Bioleaching efficiency quantitated by the average percentage change in mean valley 
depth before and after treatment with A.f in 9K, or 9K, with an initial pH ≈1.8, cultured for up 
to 21 days. a) Copper(I) sulphide particle (n=10), b) chalcopyrite particle (n=10), and c) 
comparison of bioleached copper(I) sulphide and chalcopyrite particles with chemically 
leached particles, where the y error is equal to 1 standard deviation.  
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a)                   
b)                     
c)                  
Figure 6.7: Bioleaching quantitated by the average percentage change in surface roughness, Sa, 
before and after treatment with A.f in 9K, or 9K, with an initial pH ≈1.8, cultured for up to 21 
days. a) Copper(I) sulphide particle (n=10), b) chalcopyrite particle (n=10), and c) comparison of 
bioleached copper(I) sulphide and chalcopyrite particles, where the y error is equal to 1 
standard deviation.  
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Likewise with chemical leaching of the different sulphides, the surface 
morphology and elemental composition of the two different samples were 
investigated using SEM-EDS. These results determined the source of changes in 
the physical characteristics of surface analysed by WLIP. The surfaces of the 
copper(I) sulphide particles leached in 9K in the presence and absence of A.f 
examined by SEM-EDS did not depict significant differences in physical 
characteristics, despite one surface being exposed to biological attack. Figures 
6.8a and d illustrate that the treated copper(I) sulphide surfaces are vastly 
different from the surface before any leaching (figure 6.1) and are covered with 
precipitates after 17 days of leaching. The precipitation is so extreme that the 
underlying particles are not visible. However, the structure of the precipitates 
differs for surfaces leached in the non-inoculated and A.f inoculated media. Two 
different species of precipitates were observed on the samples leached in 9K 
without A.f, and the elemental contrast of the back-scatter electron image 
signifies they have a different chemical composition (figure 6.8a). The structure 
of the darker solid appears to be similar to the copper phosphate flowers 
observed in chapter 5. The EDS targeted analysis supports this, demonstrating a 
considerable presence of copper, oxygen and phosphate (figure 6.8b). The 
minute amounts of sulphur and chlorine account for differences in the structure 
between the two samples. EDS targeted analysis of the brighter solid 
demonstrates the presence of copper and iodine, and possibly oxygen (figure 
6.8c). These results reaffirm the high reactivity of copper(I) sulphide, as the level 
of extracted copper is so high that copper it is no longer soluble in the presence 
of some anions. The copious amount of precipitation also meant that changes in 
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the copper and sulphur ratio could not be evaluated. The precipitate observed 
on the samples leached with A.f in 9K look fibrous (figure 6.8d). Whilst the 
structural appearance of the precipitate is different, EDS targeted analysis shows 
the precipitates have the same elemental composition as those formed during 
leaching of the particles without A.f (figure 6.8e and f). Again, the precipitation 
coverage prevented evaluation of the changes in the copper to sulphur ratio of 
the particles.  
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c)          
d)                                    
e)         
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f)          
Figure 6.8: The effect of bioleaching on the surfaces of copper(I) sulphide particles analysed by 
SEM-EDS. a) SEM back-scatter electron image representative of the surface of copper(I) 
sulphide particles leached in 9K media for 17 days, exhibiting extensive precipitation that 
covers almost the entire surface. The red and yellow boxes show the areas where EDS analysis 
was undertaken b) EDS spectra of the dark region within the yellow box depicted in a), 
demonstrating the presence of copper, sulphur, oxygen, chlorine and phosphate. c) EDS 
spectra of the brighter region within the red box depicted in a), demonstrating the presence of 
copper and iodine.  d) SEM secondary electron image representative of the surface of copper(I) 
sulphide particles leached with A.f in 9K for 21 days, showing multiple cells of A.f embedded in 
and around a fibrous network that covers the sample surface. The red and yellow boxes show 
the areas where EDS analysis was undertaken. e) EDS spectra of the dark region within the 
yellow box depicted in d), demonstrating the presence of copper, sulphur, oxygen, chlorine 
and phosphate. c) EDS spectra of the brighter region within the red box depicted in d), 
demonstrating the presence of copper, iodine and phosphate.   
The surfaces of the chalcopyrite particles leached in 9K in the presence and 
absence of A.f examined by SEM-EDS depicted significant differences in physical 
characteristics. The particles treated in 9K without A.f for 14 days were similar in 
appearance to those before any leaching. Whereas, the particles submitted to 
biological attack (figure 6.9) exhibit substantial differences. The back-scatter 
electron image of the particles display cracking and large amounts of 
fragmentation, in addition to sparse coverage and embedment of a distinct 
darker contrasted phase. At higher magnifications, this darker phase is observed 
to be microbial cells and its extracellular matrix (figure 6.9b and c).  
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a)  b)  
c)  
Figure 6.9: The effect of bioleaching on the surfaces of chalcopyrite particles analysed by SEM. 
a) SEM back scatter electron image representative of the surface of chalcopyrite particles 
leached with A.f in 9K for 17 days, showing extensive fragmentation and some darker areas 
covering the surface. Higher magnification SEM images c) secondary electron, and d) back 
scatter electron showing the darker areas contain A.f and biofilm material.   
Changes in pH and redox potential were monitored throughout the bioleaching 
of copper(I) sulphide and chalcopyrite particles to understand the solution 
chemistry. These revealed information regarding the dominating chemical 
reactions. The changes in the redox potential and pH throughout the bioleaching 
of the copper(I) sulphide and chalcopyrite particles were drastically different, 
and far more substantial than those experienced throughout chemical leaching 
(figure 6.10, tables 6.5 and 6.6). The changes within the 9K medias with and 
without A.f used to treat the copper(I) sulphide particles were almost the same. 
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These medias were initially transparent and clear with a pH of ≈1.8, and redox 
potential of ≈315mV vs. Ag/AgCl 3M KCl. Their pH increased linearly in the first 
10 days, before plateauing around pH 5 for the remainder of the leaching 
duration. Whereas, the opposite was true for the redox potential of both 
medias, decreasing linearly for the first 10 days, before plateauing around 100 – 
140mV vs. Ag/AgCl 3M KCl. This differs significantly from the patterns in pH and 
redox potential during chemical leaching, where the pH changes were negligible, 
and the redox potential trended towards an equilibrium around 450mV. 
The trend in pH and redox potential changes throughout the leaching of 
chalcopyrite were alike, in that pH increased and redox potential decreased, 
however, the magnitude was significantly less. The pH did not exceed 2.3, and 
the redox potential did not drop below 280mV vs. Ag/AgCl 3M KCl. The initial 
medias had the same properties as that used to treat copper(I) sulphide. The pH 
of media containing A.f gradually increased linearly for 10 days before plateauing 
at  ≈2.25, whilst the redox potential gradually decreased in a fairly linearly to 
≈295mV. Due to contamination, the results of pH and redox potential changes in 
the media without A.f are only shown for the first 7 days of leaching. During this 
time, the pH and redox potential of this solution also increased and decreased, 
respectively, but at a much slower rate.  Despite these differences in media 
conditions between the bioleaching of copper(I) sulphide and chalcopyrite, 
plateaus in pH and redox potential during the bioleaching of both sulphides is 
shown to occur between 10 and 14 days. Whereas, the plateau in redox 
potential was reached within 24 hours of leaching chemically. Therefore, the 
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disparities between the rate of change in pH and redox potential of the different 
sulphides, the solution chemistry indicates that the trend in leaching is similar in 
a similar timeframe. 
Table 6.5: pH and redox potential conditions of the leaching medias inoculated with A.f 
and without A.f throughout leaching of copper(I) sulphide particles for up to 21 days.  
Test Conditions pH Average pH eH Average eH Supernatant 
A.f in 9K 
Initial 1.841 
4.113 ± 1.4 
314.2mV 
181.5± 79.5mV 
transparent 
clear 
Final 4.864 137.8mV 
transparent 
brown with 
brown 
precipitate 
9K Only 
Initial 1.868 
4.045 ± 1.4 
312.3mV 
185.8 ± 79.2mV 
transparent 
clear 
Final 5.021 129.8mV 
transparent 
brown with 
brown 
precipitate 
Table 6.6: pH and redox potential conditions of the leaching medias inoculated with A.f 
and without A.f throughout leaching of chalcopyrite particles for up to 21 days. 
Test Conditions pH Average pH eH Average eH Supernatant 
A.f in 9K 
Initial 1.889 
2.126 ± 0.1 
315.4mV 
298.6 ± 9.5mV 
transparent 
clear Final 2.235 288.6mV 
9K Only 
Initial 1.668 
*1.736 ± 0.0 
325.3mV 
*322.1 ± 3.3mV 
transparent 
clear 
Final *1.786 318.8*mV 
* Values after 7 days of leaching. 
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d)              
Figure 6.10: Changes in pH and redox potential of the leaching medias used to leach copper(I) 
sulphide and chalcopyrite. a) And b) comparison of inoculated and sterile leaching of copper(I) 
sulphide in 9K. c) And d) comparison of inoculated and sterile leaching of chalcopyrite in 9K. 
The extraction of copper was also monitored throughout the leaching period by 
electrochemical determination of aqueous copper concentration. Both the 
NPASV and chronoamperometric techniques, respectively, described in chapter 
3 were utilised. Figure 6.11 shows the NPASV curves obtained at intervals over a 
period of up to 17 days for both the copper(I) sulphide and chalcopyrite particles 
leached with and without A.f in 9K. Figure 6.11a and b shows the voltammetry of 
the medias leaching chalcopyrite particles. Peaks were established by extending 
the upper voltage of the scanning range above the range used in calibration, 
from +0.5V to +1.0V. Even at this ending potential, the peaks of current for days 
10 and 14 leaching in 9K only are not fully resolved, and could be influenced by 
the contamination that occurred to the sample, therefore, were not included in 
determining the copper concentration. Figure 6.11c illustrates the current 
measured for copper as peak area. It shows that the amount of aqueous copper 
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during the leaching with A.f increases rapidly within the first 3 days of leaching, 
continues to increase gradually through to day 7 and remains fairly constant 
thereafter. This indicates that the working electrode may be overloading during 
the deposition phase of the measurement. The decrease in peak size from day to 
day 14 may be the consequence of insufficient stripping and cleaning. Leaching 
in 9K only follows the same trend as A.f from day 0 – 7, but with less peak area 
due to less aqueous copper.  
The NPASV of the medias leaching copper(I) sulphide particles did not produce 
any peaks at any leaching duration (figure 6.11d and e). Unlike with chalcopyrite, 
even increasing the upper voltage of the scanning range did not result in a peak, 
as the current measured, indicative of copper concentration, was an order of 
magnitude higher for the medias leaching copper(I) sulphide. The measured 
copper ions also exceeded the calibration range so that the concentration could 
not be determined using peak area at all. Therefore, the measurement of 
aqueous copper extracted from copper(I) sulphide and chalcopyrite could not be 
directly compared. Despite this the observed concentration changes were large 
enough to compare and supported by the appearance of the leaching medias. 
The leaching media of the copper(I) sulphide particles was less transparent and 
more blue in colour prior to electrochemical analysis than the media leaching 
the chalcopyrite particles, indicative of higher copper ion concentrations. 
Evaluation of the slope of the voltammetry from the leaching of copper(I) 
sulphide particles suggests that the amount of aqueous copper extracted in both 
the presence and absence of A.f is equivalent. This is evinced for chalcopyrite 
252 | P a g e  
 
leaching, despite the peak area analysis showing a greater amount of copper 
measured during leaching with A.f. The slope analysis of chalcopyrite leaching 
also shows a larger plateau region. Interestingly, the slope analysis also 
illustrates that the aqueous copper concentration is similar on day 3 for leaching 
of copper(I) sulphide and chalcopyrite, even though the NPASV curves depict no 
peaks for voltammetry of copper(I) sulphide. These discrepancies highlight the 
inaccuracy of slope analysis in the determination of copper concentration using 
NPASV. The extent of copper leaching from these samples was greater from 
copper(I) sulphide than chalcopyrite, but was beyond the measurable amount of 
this technique in both instances. Therefore, chronoamperometric measurement 
on BDD was analysed to try and quantitate the copper concentration.  
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c)               
d)                 
e)                  
Figure 6.11: Aqueous copper measurement over a period of up to 17 days using normal pulse 
voltammetry.Scanning was conducted from -0.4V to 1.0V vs Ag/Ag/Cl 3M NaCl. a) Chalcopyrite 
particles leached with 9K. b) Chalcopyrite particles leached with A.f in 9K. c) Amount aqueous 
copper extracted during the leaching of chalcopyrite particles with 9K and A.f in 9K calculated 
from peak area (n=3), where the y error is equal to one standard deviation. d) Copper(I) 
sulphide particles leached with 9K, and e) Copper(I) sulphide particles leached with A.f in 9K. 
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Chronoamperometric measurement and determination of the copper 
concentration using the MLR model was used to evaluate the leaching of 
copper(I) sulphide. All analyses conducted prior, WLIP, SEM, and NPASV 
indicated that the yield of aqueous copper was large, with copper precipitates 
observed, and no peaks evinced in the voltammetry. Therefore, the use of the 
MLR model was valid, and would account for current variants as a result of 
extreme changes in pH experienced throughout the leaching period. Calculation 
of the copper concentration displays an initial rapid increase in extraction during 
the first 3 days of leaching, ≈85mg/L per day and ≈130mg/L per day with and 
without A.f, respectively (figure 6.12). Copper extraction continues to increase 
over the following 10 days in 9K at a rate of ≈34mg/L per day, and 14 days in the 
presence of A.f at a rate of ≈39mg/L per day. Copper concentration is nearly 
equal in both medias on day 13, where after there’s a plateau. These values 
support the voltammetry evinced in NPASV and confirm that the technique was 
unsuitable for copper determination as the upper limit of the calibration range 
was less than 10mg/L.    
 
Figure 6.12: Aqueous copper concentration of the leaching of copper(I) sulphide particles with 
A.f in 9K and 9K for a period of up to 21 days determined using the MLR model of current 
density measurements using chronoamperometry on BDD electrode. 
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Chronoamperometric measurement and determination of the copper 
concentration using the MLR model was not suitable to evaluate the leaching of 
chalcopyrite. The standard errors of the MLR model, demonstrate that it’s not 
accurate for determining low metal ion concentrations below 100mg/L. The 
copper and iron(III) concentration measured throughout the leaching of 
chalcopyrite in 9K with and without A.f, as determined by the model is below 
this threshold, and therefore is not correct (figure 6.13a and b).  As discussed in 
chapter 3, the concentrations of iron(III) below 2mM (112mg/L) and over the pH 
range 1.4 – 2.4, the measured current for copper concentration is not 
significantly affected. At concentrations up to 10mM (635mg/L) and over the pH 
range 1.4 – 2.4, the measured current for iron(III) concentration is not 
significantly affected. This means that the copper and iron(III) concentration can 
be defined by the current density measured. Figures 6.13c and d display the 
linear relationship between copper concentration and iron(III) concentration 
with current density. The calculated aqueous copper concentration throughout 
the leaching of chalcopyrite with and without A.f in 9K is greatest at the 
commencement of leaching and decreases with culture time (figure 6.13a). This 
is in stark contrast to the peak area calculated from NPASV curves (figure 6.13c), 
which depict a trend corresponding to an increase in aqueous copper with time. 
As the chronoamperometry measurements were conducted subsequent to the 
NPASV, it is likely that this pattern of decreasing concentration is a consequence 
of overload at the electrode during deposition, and/or insufficient stripping and 
cleaning, and thus not all of the copper was returned into the solution. This 
makes it difficult to evaluate the effect of A.f on copper extraction from 
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chalcopyrite. The concentration of iron(III) was shown to increase from day 0 – 
day 3, and then gradually decrease until the end of leaching in both medias. This 
coincides with the initial iron release evinced from chalcopyrite being biological 
oxidized, followed by its slow depletion due to oxidising the mineral2, 30, 33, 34. 
Although the model was not appropriate for determining copper and iron(III) 
concentrations throughout the leaching of chalcopyrite, the changes in media 
conditions and levels of ions were such that the chronoamperometric current 
generated did not have any interference. Therefore, the concentration of copper 
and iron(III) was determined using the measured current density. The calculated 
concentrations for copper presented an abnormal trend that could be explained 
by use of the NPASV technique prior, where the stripping voltammetry was 
inadequate to remove all copper from the electrode back into solution.  
 
 
 
 
257 | P a g e  
 
a)  b)  
c)  d)
e)  f)  
Figure 6.13: Aqueous copper and iron concentration determination of the leaching of 
chalcopyrite particles with A.f in 9K and 9K for a period of up to 14 days. a) Concentration of 
copper, and b) concentration of iron(III), as determined by the MLR model. c) Copper 
calibration between 6.35 x 10-4 g/L – 6.35 x 10-1 g/L using chronoamperometry, current density 
in mA cm-2 measured after 5 sec at -500mV vs. Ag/AgCl 1M KCl, showing a linear relationship 
defined by y = -1.958x - 0.098. d) Iron(III) calibration between 4.07 x 10-4 g/L – 4.1 x 10-1 g/L 
using chronoamperometry, current density in mA cm-2 measured after 10 sec at +100mV vs. 
Ag/AgCl 1M KCl, showing a linear relationship defined by y = -0.173x - 0.001. e) Concentration 
of copper as determined by the linear relationship in c). f) Concentration of iron(III) as 
determined by the linear relationship in d).   
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The outcome of leaching is determined by a mixture of the surface species 
present, the potential required to oxidise these, and the media redox potential 
and pH. The leaching of each copper sulphide sample has its own challenges; 
copper(I) sulphide readily oxidises to yield covellite and then slows/stops, 
whereas, chalcopyrite is considered recalcitrant as leaching occurs slowly 
yielding low amounts of copper1, 2, 7, 21, 35. Leaching can be quantified through 
different measures, and the changes in media conditions can assist in 
understanding the values. The changes in pH, mean valley depth, surface and 
media appearance, and electrochemical copper concentration determination 
can explain the dominant reaction(s) occurring at different culture durations. 
Whilst the chemical leaching results in chapter 4 suggested the leaching 
behaviour of these minerals was similar, these results indicate that the 
bioleaching behaviour of these two sulphide minerals may be different. It is 
difficult to validate this claim, as precipitation has impacted on the ability to 
accurately quantitate the leaching from copper(I) sulphide. 
Precipitation was a major issue in the leaching of copper(I) sulphide. The 
appearance of precipitation on the particle surfaces was noted during WLIP 
examination of the sample from day 6 in 9K, with substantial amounts observed 
from day 10 onwards in both the inoculated and inoculated media. There was 
greater precipitation on the particles treated in 9K only and this corresponded to 
a greater difference in the mean valley depth and mean Sa measured. SEM 
performed at the end of the leaching period showed the structure of precipitates 
appeared similar to the copper phosphate flowers observed previously, which 
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was supported by the EDS analysis. During the leaching of copper from copper(I) 
sulphide, there were many solution colour changes. These changes indicate that 
there are several different complexes and reactions occurring between the 
released copper ions and anions within the media. The reactivity of copper(I) 
sulphide means that the amount of aqueous copper extracted is extremely high. 
Both the observed precipitation and the measured aqueous copper corroborate 
this. The electrochemical determination of copper only accounts for the aqueous 
constituent, and shows that copper dissolution occurs at a rate of ~85-130mg/L 
per day during the first 3 days of leaching, and ~30-40mg/L per day from day 3 – 
day 13. Precipitation was visible during WLIP from day 10 onwards, which 
corresponded with a plateau of ~700-800mg/L of copper. It appears once the 
copper concentration reaches this threshold, the precipitation of copper salts 
with low solubility (such as copper phosphate and copper iodide) is unavoidable. 
This precipitation explains the large increases in mean valley depth and mean Sa 
observed for copper(I) sulphide particles from day 10 onwards, as with 
precipitation the baseline level of these measurements would’ve changed. The 
evaluation of these properties is dependent on the utilising the resin as the 
baseline. The precipitation encountered during the leaching of copper(I) 
sulphide in 9K with and without A.f was so extensive neither the resin or particle 
surfaces were visible (figure 6.10a), meaning the results are not demonstrative 
of the leaching that has occurred. This makes it difficult to draw a conclusion on 
whether the pattern of copper extraction from copper(I) sulphide is similar to 
chalcopyrite. However, it is established that copper(I) sulphide is less resistant to 
dissolution in 9K, with equivalent degrees of leaching quantitated for mean 
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valley depth, mean Sa, pH, redox potential and aqueous copper concentration 
when leached in the presence and absence of A.f. Unlike the copper sulphide 
thin films, where WLIP was useful to quantitatively measure copper leaching 
efficiency through changes to the film surface, WLIP is not a valuable 
quantitative analysis technique when precipitation occurs. The results have 
shown that when the copper concentration reaches a critical level, the aqueous 
copper ions will react with the phosphate present in the 9K and precipitate. This 
was accompanied by changes to the pH and redox potential, as precipitation is 
also dependent on these conditions according to eH-pH diagrams1, 2, 11. 
Therefore, these parameters must be more vigilantly monitored to prevent 
precipitation, otherwise the changes in the surface cannot be used to quantitate 
leaching.  
Changes to the media conditions indicate the dominant reactions occurring 
during leaching. During the leaching of copper(I) sulphide in 9K with and without 
A.f, increases in copper concentration are correlated with similar increases in pH 
(figures 6.12 and 6.10a, respectively). There is no ferric iron in the system to act 
as an oxidant in the dissolution of copper, therefore the main reaction must be 
acidic leaching according either equation 41 and/or 4236. This also explains the 
decreasing redox potential experienced throughout the culture period, as it 
would be a measure of the ratio of the concentration of hydrogen cations vs. 
hydroxide anions, rather than ferric and ferrous iron as in previous cases. The 
changes to the copper concentration, pH and redox potential were analogous in 
both 9K medias, despite the presence and absence of A.f. Prior to the 
261 | P a g e  
 
precipitation occurring, where the aqueous copper concentration was 
<700mg/L, the average change in mean valley depth and Sa was greater on day 3 
for the sample treated in the inoculated media (Figure 6.6a and 6.7a). Whilst, 
the error suggests some overlap between these measures used to quantitate 
leaching on day 6/7, the average mean was still larger for the inoculated media. 
This is despite, similar changes in pH, redox potential and copper concentration. 
The results of the electrochemical determination of copper demonstrate the 
aqueous concentration to be >700mg/L thereafter (figure 6.12), however, 
precipitation of copper means the overall amount of copper extracted is much 
higher.  The tolerance of this bacterium to copper for unadapted cells, such as 
the ones used in this study, has been shown to vary from <25mM to 150mM, 
depending on the strain37, 38. The maximum aqueous copper concentration 
throughout the leaching of copper(I) sulphide was no greater than 16mM. A.f 
grows and thrives at low pH (1 – 2), and optimal copper extraction from 
chalcocite occurs at a pH 1.7 – 2.31, 39. The pH of the leaching media exceeded 
2.3 after 3 days, and continued to increase to ~pH 5. Whilst it is possible that 
copper toxicity may have influenced bacterial activity, pH is more likely to have 
affected the leaching ability of A.f after day 3. This explains the similar mean 
valley depth and Sa observed from day 3 onwards of samples treated in 
inoculated and bacteria-free 9K media, and therefore the dominant leaching 
reaction is most likely equation 9. These studies highlight the importance of pH 
control and monitoring of copper concentration in copper(I) sulphide leaching.  
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2 Cu2S(s) + O2(g) + 2H2SO4(aq)  A.f→ 2CuS(s) + 2CuSO4(aq) + 2H2O(l)                          [41] 
2 Cu2S(s) + 4H   (aq) + + O2(g) → Cu     (aq)2+  + CuS(s )+ H2O(l)                                              [42] 
Equations 41 and 42: Acidic leaching of chalcocite in the presence and absence of A.f, 
respectively. 
The leaching of chalcopyrite in 9K with and without A.f. exhibits different 
behaviour that is in stark contrast to that of the leaching of copper(I) sulphide 
particles in these medias. The results indicate there are several reactions 
occurring during bioleaching. Unlike copper(I) sulphide, the treatment of 
chalcopyrite in bacteria free 9K versus the inoculated solution demonstrated 
minimal changes in the physical surface properties, and lesser change to media 
conditions (Figures 6.6b, 6.7b, 6.8c and 6.8d).  The absence of both bacteria and 
ferric iron at the commencement of leaching, meant that changes to the sample 
treated in 9K were due to acid leaching according to equation 42. As leaching 
progressed there were small increasing increments in pH and copper 
concentration, as well as small decreasing increments in ferric iron 
concentration. This indicates that changes in pH can be attributed to both acidic 
leaching of the sulphide, and ferrous oxidation. Comparison of the trend in mean 
peak area detected using ASV for copper detection shows greater copper 
concentration throughout bioleaching (figure 6.11c). This corresponded to 
greater increases in pH and greater change in iron(III) concentration. A.f is both 
an iron and sulphur oxidising microbe, with iron being more easily oxidised40-42.  
The leaching activity of A.f is not likely to have been affected by pH during the 
leaching of chalcopyrite, like it was with copper(I) sulphide, as the pH remained 
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within levels that the bacteria can operate optimally. Therefore, these changes 
can be attributed to the additional reactions that take place in the presence of 
A.f.  
The bacteria can oxidise the iron and sulphur moiety of the mineral according to 
equation 43. The extracted ferrous iron is metabolized by the bacteria to 
produce ferric iron according to equation 38, and this explains the larger 
increase in pH observed for the inoculated media, as protons are consumed in 
this process.  The microbial produced ferric iron, also acts as an oxidant in 
chalcopyrite leaching (equation 36), which corresponds with the larger changes 
observed in the levels of ferric iron and the larger decrease in redox potential 
during bioleaching. The redox potential was observed to decrease faster during 
bioleaching than in the sterile 9K solution, because the measured potential 
during the leaching of chalcopyrite in the later is governed by changes in the 
ratio of hydrogen cations and hydroxide anions, whereas, in the former the ratio 
of ferric to ferrous iron is predominant. Acid leaching causes smaller increases in 
pH, copper and iron dissolution, which means smaller decreases in redox 
potential. Microbial ferrous oxidation and ferric oxidation of chalcopyrite causes 
larger increases in pH and copper and iron dissolution. The oxidation of ferrous 
iron by A.f occurs much faster than abiotically in solution43. Larger amounts of 
ferric are produced that oxidise the mineral causing the redox potential to 
decrease at a faster rate than leaching without bacteria. Therefore, the greater 
changes evinced in the inoculated sample are due to the activity of the microbes, 
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and can be explained by the slower rate of ferrous iron oxidation and acidic 
leaching in comparison to leaching in the presence of A.f and ferric iron.   
CuFeS2 (s) +  2H2O (l) + 3O2 (g) A.f→ Cu     (aq)2+  + Fe     (aq) 2+ + 2H2SO4 (aq)                             [43] 
Equation 43: Bacterial oxidation of the iron and sulphur moieties of chalcopyrite.  
Differences in the bioleaching behaviour of copper(I) sulphide and chalcopyrite 
were also evinced. Despite the crystal structure dictating that both minerals are 
acid soluble, the governing leaching reactions, and resulting copper dissolution 
were distinct. As mentioned previously, precipitation was a major issue during 
the leaching of copper(I) sulphide, which affected the activity of the microbes 
after day 3. Both pH and copper concentration require monitoring. Despite this, 
the copper yield was much greater than chalcopyrite for most of the culture 
period.  The changes to mean valley depth and Sa were comparable, but slightly 
more in the inoculated chalcopyrite sample than copper(I) sulphide sample in 
the first 3 days of leaching (figure 6.14). However, for this duration, the 
concentration of aqueous copper was less for chalcopyrite. There are two 
contributing factors to this; the preferential extraction of iron that is known to 
occur during the initial stages of leaching chalcopyrite, and the energy source(s) 
contained within each mineral. Only the sulphur moiety of copper(I) sulphide 
can be oxidized by A.f, whereas, both iron and sulphur can be utilized from 
chalcopyrite. With iron being the preferred energy source, iron is released from 
the mineral lattice prior to copper, which accounts for the greater changes 
evinced in the mineral surface with less aqueous copper. Therefore, whilst 
chalcopyrite is typically more recalcitrant to bioleaching than copper(I) sulphide, 
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the presence of iron within its structure renders it more easily oxidisable at the 
onset of leaching. 
 
Figure 6.14: Comparison of the bioleaching efficiency of copper(I) sulphide and chalcopyrite. 
Quantitated by the average percentage change in mean valley depth before and after 
treatment with A.f in 9K, or 9K, with an initial pH ~1.8, cultured for up to 21 days, where n = 
10, and the y error is equal to 1 standard deviation.  
6.3 Conclusion 
Combining surface studies with monitoring of media conditions has provided 
insight into the chemical leaching and bioleaching of copper(I) sulphide and 
chalcopyrite particles. Leaching from these minerals can only be quantitated 
when precipitation is prevented, as it effects the measurement of changes in the 
physical properties of the particles and chemical properties of the media. This 
was demonstrated in the bioleaching of copper(I) sulphide, where after day 7 
the mean valley depth and mean Sa were accounting precipitation, and after 
culturing compositional analysis could not be performed. The yield of copper 
could also not accurately be determined, as the solid precipitate is 
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unmeasurable electrochemically. Net changes in pH, redox potential, and 
aqueous copper and iron concentrations revealed information regarding the 
dominating leaching reactions. Changes in the pH during the leaching of 
copper(I) sulphide showed that the bacteria were rendered inactive by day 3, 
and that acidic leaching was the main process causing the dissolution of copper 
throughout the culture period. The changes in pH were also strongly associated 
with the changes in aqueous copper concentration, with the graphs displaying 
the same trend. Changes in the pH, redox potential, and iron concentration 
during the leaching of chalcopyrite demonstrate that the main leaching reactions 
are the oxidation of the mineral by ferric iron and/or oxidation of the sulphur 
moiety by A.f. Greater leaching is observed in the presence of A.f due to faster 
ferrous oxidation. Whilst the rate of acidic leaching of chalcopyrite is much 
slower than ferric sulphate leaching, the acidic leaching of copper(I) sulphide is 
faster and yields more copper than bioleaching of chalcopyrite. The data was 
required to be considered collectively in order to appropriately interpret the 
results of the bioleaching experiments. These were compared to authenticate 
the applicability of the proposed copper(I) sulphide model system for 
chalcopyrite. In order to assess if there are actual differences in the bioleaching 
behaviour of the two sulphide minerals, due to the influence of ferric iron 
released during chalcopyrite dissolution, a secondary experiment where the 
leaching of copper(I) sulphide was monitored for precipitation and pH control 
needs to be performed. 
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27 Y. Rodrıǵuez, A. Ballester, M. L. Blázquez, F. González, Hydrometallurgy 2003, 71, 
47-56 10.1016/s0304-386x(03)00173-7. 
28 A. Parker, C. Klauber, A. Kougianos, H. R. Watling, W. v. Bronswijk, 
Hydrometallurgy 2003, 71, 265-276. 
29 Y. L. Mikhlin, Y. V. Tomashevich, I. P. Asanov, A. V. Okotrub, V. A. Varnek, D. V. 
Vyalikh, Applied Surface Science 2004, 225, 395-409. 
30 D. Nava, I. González, Electrochimica Acta 2006, 51, 5295-5303 
http://dx.doi.org/10.1016/j.electacta.2006.02.005. 
31 G. Viramontes-Gamboa, B. F. Rivera-Vasquez, D. G. Dixon, Journal of the 
Electrochemical Society 2007, 154, C299-C311. 
32 D. Majuste, V. S. T. Ciminelli, K. Osseo-Asare, M. S. S. Dantas, R. Magalhaes-
Paniago, Hydrometallurgy 2012, 111-112, 114-123. 
33 R. I. Holliday, W. R. Richmond, Journal of Electroanalytical Chemistry and 
Interfacial Electrochemistry 1990, 288, 83-98 http://dx.doi.org/10.1016/0022-
0728(90)80027-4. 
34 E. M. Córdoba, J. A. Muñoz, M. L. Blázquez, F. González, A. Ballester, Minerals 
Engineering 2009, 22, 229-235 http://dx.doi.org/10.1016/j.mineng.2008.07.004. 
35 H. R. Watling, Hydrometallurgy 2013, 140, 163-180 
http://dx.doi.org/10.1016/j.hydromet.2013.09.013. 
36 H. Sakaguchi, A. E. Torma, M. Silver, Applied and Environmental Microbiology 
1976, 31, 7-10. 
37 N. C. S. Mykytczuk, J. T. Trevors, G. D. Ferroni, L. G. Leduc, Microbiological 
Research 2011, 166, 186-206 http://dx.doi.org/10.1016/j.micres.2010.03.004. 
38 L. H. Orellana, C. A. Jerez, Applied Microbiology and Biotechnology 2011, 92, 761 
10.1007/s00253-011-3494-x. 
39 J. Valdes, I. Pedroso, R. Quatrini, R. Dodson, H. Tettelin, R. Blake, J. Eisen, D. 
Holmes, BMC Genomics 2008, 9, 597. 
40 A. E. Torma, Advances in Biochemical Engineering 1977, 6, 1-37. 
41 G. S. Hansford, T. Vargas, Hydrometallurgy 2001, 59, 135-145 
http://dx.doi.org/10.1016/S0304-386X(00)00166-3. 
42 I. Suzuki, T. L. Takeuchi, T. D. Yuthasastrakosol, J. K. Oh, Applied and 
Environmental Microbiology 1990, 56, 1620-1626. 
43 G. Meruane, T. Vargas, Hydrometallurgy 2003, 71, 149-158 
http://dx.doi.org/10.1016/S0304-386X(03)00151-8. 
 
 
 
269 | P a g e  
 
Chapter Seven 
Conclusions & Further Works 
7.0 Conclusions 
The purpose of this work was to investigate copper(I) sulphide as a model system for 
studying chalcopyrite leaching. A systematic three step approach was used, where the 
chemical leaching, appearance, structure and composition of the EPS, and bioleaching 
leaching with A.f of the two minerals were compared. A number of significant outcomes 
were attained;  
• Alternative characterisation techniques were established for analysing the 
leaching through surface evaluation and measurement of aqueous ion 
concentrations in–situ. 
• Successful characterisation of biological material, artefacts and mineral surfaces 
through microscopy required multiple techniques.  
• A.f biofilm morphology differs with culture age on Cu(I)S and CuFeS2.  
However, the results demonstrated that the mineral copper(I) sulphide is not a suitable 
model substrate for chalcopyrite to investigate the mechanisms and kinetics of 
bioleaching, because of its higher reactivity and unchanging EPS.  
Copper(I) sulphide thin films were established as suitable substrates for examining the 
chemical leaching behaviour through surface evaluation techniques. Quantitation of the 
copper extracted was achieved utilising a combination of WLIP and SEM-EDX rather 
than using traditional leaching monitoring approaches or thin film characterisation 
methods, where aqueous ion concentrations or AFM, DC-SECM and XRD are used.  
These analytical techniques were shown to produce equivalent results with significant 
advantages. Examination of the films and particles surface topography in three 
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dimensions and with a nanometer scale enabled leaching quantification through 
changes in thickness and roughness, and morphology and composition were determined 
simultaneously.    WLIP used commonly in film thickness characterisation was valuable 
in characterising copper leaching through changes in the step and peak heights. SEM-
EDX confirmed these changes were due to copper extraction with a decrease in particle 
size and copper content observed. By controlling the functionalisation of the substrate, 
the effect of the different leaching mediums on the mineral surfaces was simplified by 
the creation of a reference point for film thickness quantification. The benefit of 
analysing the leaching behaviour through surface evaluation techniques is that the rate 
of copper extraction can be directly related to the surface species.  
In-situ monitoring of aqueous copper and iron concentrations was developed utilising 
chronoamperometry on BDD working electrode. Traditionally, this has been conducted 
ex-situ, because the electrochemical determination of copper and iron is plagued by 
problems with reduction potential overlap. Normal Pulse Anodic Stripping Voltammetry 
(NPASV) using glassy carbon and steady state polarisation using platinum RDE methods 
were shown to be unsuitable for this reason. However, the BDD material adequately 
separated the reduction processes of these metal ions to resolve their concentrations. 
Using a multiple linear regression (MLR) model the interferences of other ions and 
effect of pH were eliminated and quantification of aqueous copper and iron 
concentrations during the leaching of chalcopyrite coincided with ICP-MS.  It’s possible 
that this method of determination could be improved by utilising a RDE, which should 
be investigated. Meanwhile, the developed approach was implemented to determine 
the concentration of copper extracted and evaluate iron(III) concentration from Cu(I)S 
and CuFeS2 particles during bioleaching. 
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Surface analysis of changes in the film thickness, morphology and composition of the 
Cu(I)S thin films in response to different iron(II), iron(III) and pH conditions were 
determined to emulate the copper extraction from CuFeS2 mineral. Analysis of the 
step/peak height and percentage copper composition demonstrated leaching increased 
to the threshold potential of 470-473mV vs. Ag/AgCl 3M KCl, and that the impact of 
iron(III) concentration on leaching far surpassed that of proton concentration (pH). 
Whilst the trend in copper leaching of Cu(I)S films was demonstrated to reflect that of 
the CuFeS2 mineral, the reasons for inhibition were indicated to be different. A direct 
comparison of the two substrates would provide clarification, but attempts to 
investigate this were hindered by unsuccessful synthesis of chalcopyrite thin films. 
Further exploration into the development of CuFeS2 thin films is required in order to 
enable this comparison. Due to this Cu(I) and CuFeS2 particle substrates were 
investigated.        
Chemical leaching of the Cu(I)S and CuFeS2 particle substrates supported the findings of 
the leaching results using the thin films. The same changes in mean valley depth and 
mean Sa were observed with respect to redox potential; increasing surface changes, and 
thus copper extraction, up to a threshold potential 470-473mV vs. Ag/AgCl 3M KCl, 
where after it decreases. Microscopic analysis by SEM-EDS supported these results for 
Cu(I)S by identifying the surface species, which confirmed greater copper extraction 
aligned with greater changes in the physical properties measured by WLIP. However, 
the technique was not sensitive enough to characterise the CuFeS2. This emphasises the 
difficulty in CuFeS2 studies and higher reactivity of Cu(I)S, which proved problematic in 
the bioleaching investigations.  
Controlling the leaching media conditions to prevent precipitation was a crucial factor in 
the ability to evaluate leaching utilising surface based and electrochemical techniques. 
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Different leaching behaviour was exhibited by the two sulphide minerals in 9K media 
with and without A.f. The Cu(I)S surface is much more reactive than CuFeS2. Both the 
copper salt precipitation and measured copper concentration demonstrate that the 
leaching of copper occurred in both the presence and absence of A.f, whereas smaller 
amounts of aqueous copper were evinced in the bioleaching media for CuFeS2. This is 
despite, accurate measurement of the physical properties of the particles and media 
chemical properties being prevented by copper salt precipitation evolved during the 
bioleaching of Cu(I)S with A.f. The mean valley depth and mean Sa roughness could not 
be evaluated throughout the entire leaching period due to the extensiveness of the 
precipitation covering the particle surfaces entirely. This also prohibited compositional 
analysis, via surface based and electrochemical techniques. Determining the amount of 
copper extracted and the mechanism of leaching could not be interpreted from the 
copper sulphide surface species, or accurately quantified due to the copper contained 
within the precipitate. These studies were performed in small volumes of 9K in order to 
maximise bacteria concentration. Therefore, future studies utilising these techniques 
need to consider the media volume and control media conditions to significantly reduce 
or eliminate copper precipitation to obtain useful results. Changes in the pH were more 
useful in describing the behaviour observed, as pH contributes to precipitation and A.f 
activity. The pH experienced during leaching promoted precipitation and likely rendered 
A.f inactive. Due to the absence of iron(III) and other oxidants, the strong association 
between pH and measured copper concentration indicates that acidic leaching was the 
dominating leaching. Whereas, it was demonstrated through the monitoring of pH, 
redox potential and iron concentration throughout the bioleaching of chalcopyrite that 
oxidation of the mineral by ferric iron and/or oxidation of the sulphur moiety by A.f are 
the main leaching reactions. The prevention of precipitation was not only important for 
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surface based characterisation of leaching through WLIP but also extremely important in 
microscopic analysis of the EPS and mineral surface.  
SEM sample preparation methods dramatically impact on EPS characterisation. Cu(I)S is 
much more reactive to SEM sample preparation methods than CuFeS2. Three different 
buffers were tested and the HEPES buffer was the only method where copper 
precipitation was not produced. The higher mobility of copper from Cu(I)S and the large 
solubility constant of copper phosphate mean that phosphate containing buffers are 
unsuitable. Fixation using sodium cacodylate buffer was not useful for either sulphide 
because of precipitation and differing matrix characteristics. A porous stringy web of 
EPS was observed on Cu(I)S and solid particles within a gooey slime observed on CuFeS2. 
Using HEPES buffer the stages of biofilm formation and different characteristics of the 
EPS material were clearly distinguishable based on the development level of the growth. 
It was superior to all other methods including unfixed environmental scanning electron 
microscopy (ESEM). Although chemical fixation with buffers dehydrates the EPS matrix 
changing its structural integrity, it allows visualisation of arrangement between 
individual components of the biological material. This may affect interpretation of the 
results, therefore should always be considered in combination with data from a 
hydrated matrix. 
Analysis of the EPS via multiple microscopic techniques is imperative to distinguish 
between biological and mineral materials, and understand the structure of the EPS. Each 
technique was crucial to providing information which could be accurately interpreted 
when considered in conjunction. Secondary electron (SE) images were important 
sources of topographical information, whereas, backscatter electron (BSE) images and 
EDS were used to correlate this with either mineral or biological morphology.  
Environmental scanning electron microscopy allowed visualisation of the EPS matrix in 
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close to native state through different stages of hydration, but without chemical 
manipulation. The difficulty here is the lack of contrast to discern between materials, 
especially as water has a similar contrast to biological material. However, the A.f matrix 
on chalcopyrite was demonstrated to concentrate in pits and be composed of different 
shaped and sized grains within a gelatinous film that once fully dehydrated reveals a 
fibrous network. Combination of these methods shows that the attachment of 
individual A.f to chalcopyrite is scattered, but that colonisation occurs within pitted, 
cracked or creviced surfaces and that the morphology of the biofilm differs according to 
the extent of its development. A study similar to this into the development of A.f on 
Cu(I)S is required to compare if the differences observed in bioleaching are the result of 
differences in the biofilm morphology. The CLSM studies provided some insights into 
this that could be investigated using SEM techniques.  
Confocal laser scanning microscopy (CLSM) investigations demonstrated differences in 
Cu(I)S and CuFeS2 internal biofilm morphology with culture age. Greater compositional 
information was gained, as classes of macromolecules could be identified, whereas 
these could not be discerned using EDS. Fluorescent stains targeting polysaccharide, 
RNA etc., and lipids and hydrophobic domains demonstrated the coverage and thickness 
of these components was evenly distributed and relatively equivalent from day 3 
onwards during the leaching of Cu(I)S. Whereas, depending on the culture age these 
were significantly different during the leaching of chalcopyrite. Further studies utilising 
different stains to explore other components, and analysing the differences in 
concentration in the z axis towards the mineral surface could prove useful in 
understanding the differences in copper extraction between these minerals. The results 
obtained here correlate well with the surface studies of Cu(I)S and CuFeS2 leaching 
studies, which suggest that the leaching of Cu(I)S results in fewer copper sulphide 
species and progresses relatively steadily, whereas the literature reports numerous 
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surface species are evolved during the leaching of chalcopyrite, which are likely to be 
causing adaptation within the EPS, and thus changes in the amounts and distribution of 
its components. Future studies should focus on characterisation of the EPS according to 
surface species, as it is this that needs to be manipulated to control leaching kinetics 
and copper yield. In addition to this, specific identification of EPS components involved 
in electron transfer pathways with mineral surfaces would be beneficial.      
7.1 Further Works 
Preliminary investigations into to the electrochemical response of A.f attached to a solid 
electrode has the potential to identify the different extracellular electron transport 
processes involved in bioleaching. A.f were cultured on a carbon screen-printed 
electrode utilising the method by Carbajosa et.al.1. Figures 7.0 and 7.1 show optical and 
SEM images, respectively, of the electrode surface before and after cultivation. SEM 
analysis of the CSPE before bacterial growth shows a rough surface of fibrous 
agglomerates. After cultivation the underlying carbon surface is barely visible and 
covered with bacterial cells embedded in a fibrous matrix. Both the A.f coverage and 
density is important for electrochemical response.  
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a)  
b)  
Figure 7.0: Optical images of ordered mesoporous CSPE electrode. a) Before cultivation 
with A.f, X200. Image not totally in focus due to the unevenness and roughness of the 
electrode surface. b) after cultivation with A.f, X200, showing A.f biofilm coverage.  
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a)  
b)  
Figure 7.1: Ordered mesoporous carbon screen-printed electrode surface analysed by 
SEM. a) Before cultivation with A.f, X3500 and b) secondary electron image after 
cultivation with A.f, X4000. 
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Cyclic voltametric revealed a number of redox processes and type of electron transport 
pathways involved in electron exchanges (Figure 7.2). These electrochemical responses 
were shown to vary upon repeated cycles (Figure 7.3).  
 
Figure 7.2: Cyclic voltammetry analysis of redox processes on CSPE before and after 
cultivation in A.f. Scanning conducted from -400mV vs. Ag/AgCl 3M KCl at 1mV/s. 
Demonstrates a number of electrochemical peaks corresponding to electron transfer 
occurring between the A.f biofilm and electrode surface. 
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Figure 7.3: Repeatability of cyclic voltammetry redox processes of CSPE after A.f 
cultivation. Scanning conducted from -400mV to 900mV vs. Ag/AgCl Sat. NaCl at 1mV/s. 
Shows changes in the electrochemical response of electron transfer between the A.f 
biofilm and electrode surface with consecutive cycles. 
Further investigation of these CSPE A.f electrodes is warranted utilising the SEM 
techniques and CLSM coupled with fluorescent staining applied throughout the analysis 
of Cu(I)S and CuFeS2. These would help to discern the biofilm thickness and distribution 
of EPS components and aid in identifying the components involved in these 
electrochemical responses, providing valid insight into mechanisms occurring during the 
leaching of copper sulphide minerals.  
Scanning electrochemical microscopy (SECM) is another useful technique that could be 
used to study changes in both the A.f biofilm and mineral surface. Surface imaging, 
using SECM is based on a well-established theoretical foundation, that was first 
described by Bard, and Kwak and Bard in 1989, where the tip current is known to be 
strongly dependent on tip-to-sample distance and nature of the sample2-10. SECM is a 
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multifaceted technique that is known to examine the localized electronic properties of 
samples by probing and characterizing interfaces at high resolution7. Both surface 
topography and surface reactivity can be investigated by two different principles of 
measure that can provide abundant information about a sample3-5, 9. Preliminary studies 
using direct current SECM (DC-SECM) and alternating current SECM (AC-SECM) on the 
copper sulphide thin films showed that the electronic properties of the film could be 
measured, and that differences in the currents before and after leaching indicated 
changes in the structure of the film.  
SECM is different to the other film characterization methods, as surface topography is 
mapped as a function of current utilizing electronic properties, rather than physical 
properties of the film. Using the two different approaches, DC-SECM and AC-SECM, the 
differences in local electron transfer, and conductivity/resistivity of the film surface and 
silica substrate, respectively were evaluated (figure 7.4a and b). Figure 7.4 a and b show 
clear current regeneration contrast between the Cu1.85S bands and silica gaps, allowing 
differentiation between the two materials, consistent with the previous literature by 
Chen et. al11. As expected, the Cu1.85S bands, which are conductive in nature, produced 
greater anodic current. This is a result of faster charge transfer in the case of DC, and 
decreased resistance by the alternative current pathway through the sample in the case 
of AC. This is evinced by the yellow-white regions in the current map of figure 7.4 and b. 
Whereas, the insulative silica gaps produced lower anodic current from the lack of 
current generation, through poor reduction of the redox couple and blocked diffusion of 
the reduced redox species to the tip, and due to the greater solution resistance of the 
current pathway in regards to DC and AC, respectively. This is evinced by the burgundy-
purple regions. Similar to the results reported by Chen et. al., and the analysis by WLIP 
(presented in chapter 3), the Cu1.85S bands show high edge acuity and their shape and 
size reflect that of the photomask dimensions11. The evenness in colour of the majority 
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of each copper sulphide band and the silica gaps seems to indicate that the horizontal 
surface of the film is quite homogenous. However, it is known from WLIP analysis that 
the opposite is true and the surface is quite rough. Whilst the current maps collected by 
both SECM techniques cannot reveal this heterogeneity, extraction of roughness 
profiles along the x length of a copper sulphide band in the current maps replicates the 
results obtained by WLIP (Figure 7.4 and d). The roughness profiles show a large amount 
of peaks and valleys exist across the copper sulphide band surface. The roughness 
profile extracted from the AC current map appears to show greater detail. The 
roughness parameters Ra of the copper sulphide bands in the DC and AC current maps 
allow the surface topography of the film to be quantitated numerically, and measured 
1.18 x 10-2 and 3.9 x 10-4, respectively. A larger value represents a rougher surface. The 
roughness of the Cu1.85S bands is measured greater using the DC technique. However, 
AC-SECM is known to have a greater resolution compared to DC-SECM, therefore AC is 
much more sensitive at detecting finer variations in the sample topography; consistent 
with previous observations2, 3, 6. This is further supported in the 3D images and Y profiles 
obtained by DC-SECM and AC-SECM (figure 7.4). Figure 7.4e and f of the 3D image and Y 
profile collected using DC-SECM shows the structure and topography of the patterned 
film to be quite smooth, whereas in figure 7.4g and h, the increased resolution provided 
by AC-SECM shows the patterned film to be quite rough. The difference between the DC 
and AC measurements is the scale and intensity of current, most likely due to the 
property being measured by each technique (electron transfer being an indirect 
measurement and conductivity being a direct measurement, respectively). Despite the 
increased resolution of AC-SECM over DC-SECM, they are both far more inferior at 
analysing physical topographical features in comparison to the nanometer resolution 
achieved by WLIP. Whilst physical structure analyses of the CuxS films are better carried 
out by WLIP, important electronic data such as changes in the electron transfer rate or 
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conductivity of the film can be gathered from SECM investigations. This would be 
particularly useful in characterising properties of the biofilm and changes in the copper 
sulphide species at the surface during leaching. 
a)  b)  
c)                 
d)              
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e)                  
f)                 
g)               
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h)                 
 
Figure 7.4: Scanning Electrochemical Microscopy analysis of patterned copper sulphide 
thin films. a) Normalised DC current map at constant height scan (z~0.01mm) of a 0.4 x 0.4 
mm area of CuxS thin film collected using DC-SECM. b) Normalised AC current map at 
constant height (z~0.01mm) of a 0.4 x 0.45 mm area of CuxS thin film collected using AC-
SECM. SECM parameters; 0.8mM ferrocene methanol redox couple in 50mM sodium 
perchlorate supporting electrolyte, +0.5V potential bias, 90kHz frequency, 0.2V amplitude, 
10µm tip radius. c) DC roughness profile of a copper sulphide band extracted from a) at y = 
175µm. d) AC roughness profile of a copper sulphide band extracted from b) at y = 170µm. 
e) Normalised 3D DC current map of a 0.4 x 0.4 mm area of CuxS thin film collected at 
constant height (z~0.01mm) using DC-SECM. f) DC Y profile of patterned copper sulphide 
film deposited onto silicon wafer extracted from figure 1a at x = 380µm. g) Normalised 3D 
AC current map of a 0.4 x 0.45 mm area of CuxS thin film collected at constant height 
(z~0.01mm) using AC-SECM. h) AC current Y profile of patterned copper sulphide film 
deposited onto silicon wafer extracted from figure 1b at x = 380µm. 
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